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ABSTRACT 

The very sensitive cavity ringdown absorption spectroscopy (CROS) technique, has been applied 
for the detection of SiH3, SiH, and Si radicals in a remote Ar-H2-SiH4 plasma, which is used for high 
rate deposition of hydrogenated amorphous silicon (a-Si:H). For each of the three SiHx radicals, a 
positive identification of the specific radical has been made from their absorption spectrum that 
corresponds to their electronic transition from the ground state to the first excited state. From the 
rotational temperature of SiH typical gas temperatures of -1500 K have been deduced for the plasma, 
whereas total ground state densities in the range of 1018-1019 m-3 for SiH3, 1016-1017 m-3 for SiH, and 
1015-10 16 m"3 for Si have been observed. 

An extensive study of the kinetics of the SiHx radicals in the expanding therm al plasma has been 
performed. In this study, the previously proposed Si~ dissociation scheme has been verified and 
refined by means of specific studies of the production and loss mechanisms of SiH3, SiH, and Si 
radicals under well-defined plasma conditions. FuO:hermore, the contributions of the three radicals to 
the a-Si:H film growth have been determined from their gas phase densities for various plasma 
settings. lt has clearly been demonstrated that the properties of a-Si:H strongly improve with 
increasing contribution of SiH3 to film growth. Furthermore, for conditions where the "optimum" a
Si:H quality is obtained the SiH3 density can about fully explain the a-Si:H deposition rate obtained 
under these conditions when applying reasanabie assumptions for the sticking and surface reaction 
probability of SiH3 and its thermal velocity. On the other hand, both Si and SiH have only a minor 
contribution to a-Si:H film growth of -0.2% and -2%, respectively. However, from the obtained 
insight into the production and loss mechanisms of these radicals, it is concluded that these radicals 
initiate the formation of hydragen deficient polysilane radicals. In this respect, Si and SiH can still 
have an important effect on the a-Si:H film quality under certain conditions. 

Finally, a completely new experiment has been setup in order to study the dynamics of the 
expanding thermal plasma and its interaction with the a-Si:H surface. Essential for this experiment is 
the ability to perform time-resolved density measurements. Therefore, a fully computer controlled 
experimental setup has been developed, which uses a "state of the art" 100 MHz, 12 bit data 
acquisition system (PhyDAS) for realtime CROS signa! handling. The density of SiHx radicals has 
been modulated in time by the application of a pulsed RF signa! to the substrate holder in addition to 
the regularly operating expanding thermal plasma. In a preliminary experiment, the exponential decay 
of the additionally generated SiH density has been determined in the RF afterglow. This has 
demonstrated that the principle of the experimental procedure of the time-resolved measurements is 
val id. In future experiments, this enables the determination of the surface reaction probability of the 
SiHx radicals, a parameter that is essential for the determination of the contribution of the various 
species in the plasma to film growth. 
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Chapter 1 

INTRODUCTION 

1.1 Techno/ogy assessment 

Hydrogenated amorphous silicon (a-Si:H) is a material of great interest, which is already widely 
applied in industry. A-Si:H is considered to be the basic material for the next generation thin film solar 
cells, as it has some major advantages over crystalline silicon (c-Si), traditionally used for solar cells. 
In comparison with c-Si, a-Si:H has a higher photo-absorption and furthermore, a-Si:H can be 
deposited on large areas (roll-to-roll deposition process) and at low processing temperatures (200-400 
0 C). This makes a-Si:H an ideal material for solar cells but also for thin film transistors (TFTs) used in 
flat panel displays, imaging devices and electrophotography. 

Usually a-Si:H is deposited by plasma enhanced chemica! vapour deposition (PECVD) using a 
silane (Sillt) containing plasma, possibly diluted in other gases such as argon and hydrogen. 
Traditionally, this is done using a radio frequency (RF) capacitively coupled plasma. In order to 
further optimize the a-Si:H deposition process and film properties, a detailed analysis of the 
elementary plasma and surface reactions is essential. Therefore, numerous studies, mainly on RF 
capacitively coupled plasmas1

, have been performed, revealing more insight in the underlying plasma 
and surface chemica! aspects of film growth. 1t also has become apparent that the investigations could 
be facilitated by the ability to control the plasma parameters independently, which is not possible for 
RF capacitively coupled plasmas. lt is inherent to these plasmas that the three basic aspects of 
deposition (Sillt dissociation- growth precursor transport- deposition) take place in the same volume. 
Th is makes the separate investigation and optimization of each of these aspects difficult. Furthermore, 
because for these plasmas the deposition of a-Si:H is controlled by the relatively slow process of 
diffusion of the various reactive plasma species to the wall, the film growth rates are low, typically 0.1 
nm/s. These low growth rates result in relatively high production costs, which hampers the large-scale 
introduetion in industry. 

For these reasons, at the Eindhoven University of Technology (Department of Applied Physics, 
group Equilibrium and Transport in Plasmas) an expanding thermal plasma (ETP, see next section) is 
used for the deposition of a-Si:H. In this a-Si:H project one particular aim is to deposit solar grade 
quality a-Si:H at high growth rates (typically 10 nm/s). Due to the high-pressure operated thermal 
plasma source, which can easily handle high gas flows, the ETP technique is well capable of meeting 
this goal. This technique has therefore potential for cost-effective solar cel! production. Furthermore it 
enables also investigation of the deposition of a-Si:H under more "extreme", but industrially relevant, 
conditions. Another aim of the project is to study the silane plasma chemistry and deposition 
mechanism. In the expanding thermal plasma the dissociation, transport and deposition processes are 
geometrically separated, making it a remote plasma. This allows for really independent parameter 
studies. Part of these studies is a detailed investigation, with respect to the plasma reactions, plasma 
composition, and contribution ofthe low-density SiHx radicals to film growth in relation with material 
properties. This report deals with these kind of studies. Before we however elaborate on the particular 
motivation of the research for this report, first a briefdescription of the ETP deposition setup and the 
framework in which the work has been performed will be presented. 

1.2 The expanding thermal plasmaand deposition of a-Si:H 

The expanding therm al plasma, shown in Fig. 1.1, is a remote plasma, which is generated by a 
DC operated thermal plasma souree (a cascaded are), in which a subatmospheric (0.4 bar) Ar/H2 
plasma is created. This plasma is close to local thermal equilibrium and is characterized by a high 
electron density and a low electron temperature (ne:::::1022 m·3, Te:::::1 eV). The argon/hydragen plasma 
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expands into the deposition chamber, which is kept at a pressure of 0.1-0.2 mbar. The electron 
temperature decreases to 0.1-0.3 eV2

•
3

, primarily due to the fact that in the deposition chamber no 
power is supplied to the plasma anymore. Silane is admixed to this plasma through an injection ring 
just behind the are nozzle and it is dissociated by the expanding plasma species. The created radicals 
and ions deposit on the wall and substrates, which are placed on the substrate holder at the other end of 
the deposition chamber. Using the ETP deposition technique solar grade a-Si:H layers have been 
obtained at a growth rate of 7 nm/s4

• Using these layers solar cells have been produced with an 
efficiency of 6% at a growth rate of 1.1 nm/s, without any optimization. 

Optional 
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FIG. 1.1: Schematic diagram ofthe expanding thermal plasma (ETP) usedfor a-Si:H deposition. The 
setup consists of a cascaded are, a low-pressure deposition chamber, and a laadloek 
system. The are operales on an Ar flow of 55 sccs (standard cubie centimeters per seeond), 
possibly diluted by a H2 jlow of0-15 sccs. The are current can be set to 30-75 A, yielding 
a voltage between 45-150 V at a pressure of -0.4 bar. The Ar/H2 plasma expands into a 
low-pressure deposition chamber, which is kept at a pressure of0.1-0.2 mbar. A SiH4 jlow 
of 0-15 sccs can be admixed to the plasma through an injeetion ring, which is situated 5 
cm behind the plasma out/et. The substrates are introdueed to the vessel through a loadlock 
system and are placed on the substrate holder at the other end of the deposition chamber. 
The temperafure of the substrate is accurately contra/led. An independent bias of 0-150 V 
can be applied to the substrates by means of a RF power supply. 

Untill now, the SiHt dissociation process and the species contributing to film growth in the 
expanding thermal plasma have been stuclied by several diagnostics, such as Langmuir probes 
measurements, ion and threshold ionization mass spectrometry, optica! emission spectroscopy and 
aperture well experiments2

•
35

-
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. From the insight gained by these experiments the following dominant 
reaction pathways for the dissociation of SiHt have been proposed2

• The dissociation is govemed by 
reactive ionic and atomie particles emanating from the are because electron-induced ionization and 
dissociation of SiHt can be neglected due to the low electron temperature. For high H2 flows, where 
the "optimum" a-Si:H quality is obtained, these particles are mainly H atoms. For these "optimum" 
conditions the SiHt is primarily dissociated by means of H abstraction of SiHt forming SiH3• 

Furthermore, it has been shown that the contribution of (large) positive ions SinHm+ (with n up to 10) 
to film growth is less then 1 0% independent of the plasma settings3

• The contri bution of radicals other 
than SiH3 is expected to be rather small because the contri bution of SiH3 is estimated to be -90% from 
threshold ionization mass speetrometry (TIMS) measurements performed at the position of the 
substrate7

• For no or low H2 flow admixed in the are the reactive particles are mainly Ar ions. Under 
these conditions Sillt is mainly dissociated by means of dissociative charge transfer immediate1y 
foliowed by dissociative recombination of the i ons with electröns yielding highly reactive SiHm (m~) 
radicals. Therefore, for no or low H2 flows, a substantial production of these radicals to the a-Si:H film 

2 
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growth is expected, whereas for increasing H2 flows this production is expected to decrease 
drastically. Nevertheless, for high H2 flows the SiH", (m52) radicals can still have a significant effect 
on the film properties due totheir high gas phase and surface reactivity. 

1.3 Motivation of the research and outfine of the report 

As mentioned above, already a lot of insight in the plasma chemistry has been gained prior to this 
research. However, in this project, our goal is to verify and refine the expected reaction mechanisms. 
To meet this goal, a detailed investigation of the plasma composition, plasma reactions, and 
contribution to film growth ofthe low-density SiHx radicals is performed by means of a very sensitive, 
in situ, diagnostic technique. The very sensitive threshold ionization mass spectroscopy technique 
yields directly information relevant for deposition plasmas because it measures the species arriving at 
the wall/substrates, where the deposition takes place. However, it cannot be applied easily and non
intrusively at various positions in the plasma. The latter is useful for investigation of the generation 
and loss processes of species in the plasma. The determination of the absolute values of the densities 
of the species requires also the complex calibration procedure. Furthermore, it is rather difficult to 
apply TIMS for the measurement of short-lived radicals such as SiH2, SiH, and Si. Because of their 
high reactivity, these radicals are likely to react inside the extractor head of the TIMS before they can 
reach the detector. Forthese reasons, another very sensitive diagnostic technique is necessary for the 
investigation of these low-density radicals. In this research, the cavity ringdown absorption 
spectroscopy (CRDS) technique, which is a relatively new method in the field of plasmas9

-
11

, has been 
used for this purpose. CRDS is based on the measurement of the rate of absorption, rather than the 
magnitude of absorption, of a light pulse confined in a closed optica! cavity12

• Therefore, CRDS is 
independent of intensity fluctuations of the light souree used. Th is feature, tagether with the effective 
multipassing of the laser pulse within the optica! cavity, makes CRDS much more sensitive than 
conventional absorption techniques13

• Furthermore, like all absorption techniques CRDS is non
intrusive, remote, and in situ by nature. Finally, compared to, e.g., light induced fluorescence based 
techniques, CRDS is relatively easy-to-use and no elaborate calibration procedure is needed to obtain 
absolute gas phase radical densities. In this research CRDS has been used to measure a radial density 
profile of the SiH3 radical and to verify the SiH3 density measurements performed by TIMS. 
Furthermore, the densities of SiH and Si have been determined with CRDS to verify the generation 
and Ioss mechanism of these radicals and to obtain their contribution to growth. 

Furthermore, a completely new project has been started to study the dynamics of the expanding 
thermal plasma and its interaction with the surface. Essential for this project is the ability to perfarm 
time-resolved density measurements, for which CRDS is well suited. Forthese time-resolved density 
measurements, a fully computer controlled experimental setup has been developed, which uses a "state 
of the art" 100 MHz, 12 bit data acquisition system (PhyDAS) for realtime CRDS absorption signa! 
handling. The density of SiHx radicals has been modulated in time by the application of a pulsed RF 
power to the substrate, which generates an additional SiHx density. In a preliminary experiment the 
exponential decay of the additional SiHx rad i cal density has been obtained from the absorption of the 
SiHx radical at different times in the RF afterglow. In future experiments, we plan to use this metbod 
for the determination of the surface reaction probability of the SiHx radicals, a parameter which is 
essential in the determination of the contribution of the various species to film growth and for 
rnadeling studies. 

In Chapter 2, a description of the cavity ringdown absorption spectroscopy technique will be 
given, which plays a key role in all measurements in this research. First, a treatment ofthe principle of 
CRDS will be given and it will be foliowed by the experimental details of the steady state SiHx 
absorption measurements and the experimental details of the time-resolved measurements. In Chapter 
3, first a spectroscopie description and a speetral identification is given for the case of SiH3, SiH, and 
Si. Th is is foliowed by a description of the procedures, which have been used to quantify the density 
of these radicals from the CRDS absorption measurements. A lso, the procedure to obtain the rotational 
temperature and the radial density profile is given for the case of SiH and SiH3, respectively. In 
Chapter 4, the density measurements ofthe SiH3, SiH, and Si radicals as a function ofthe H2 and Si~ 

3 
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flow are discussed to verify and refine the expected reaction mechanisms in the expanding thermal 
plasma. Also, a re lation is made between the contribution of these radicals to a-Si:H film growth and 
the a-Si:H material properties. The chapter concludes with a "proof of principle" of the newly 
implemented time-resolved measurements. Finally, in Chapter 5 the main conclusions ofthe work are 
presented. 

. ,. 

4 



Chapter 2 

CA VITY RINGDOWN SPECTROSCOPY: 

PRINCIPLE AND EXPERIMENT AL DETAILS 

In this chapter, first a treatment of the principle of the cavity ringdown spectroscopy (CRDS) 
technique will be given in Sec. 2. I. This will be foliowed in Sec. 2.2 by the experimental details ofthe 
absorption measurements performed on the Si, SiH, and SiH3 radical for steady state plasma 
conditions. Finally, in Sec. 2.3 the experimental details of the newly implemented time-resolved 
measurements will be discussed. 

2.1 Principle 

Cavity ringdown spectroscopy (CRDS) is a highly sensitive laser absorption technique, which has 
first been demonstrated as a spectroscopie methad by O'Keefe and Deacon in 198812

• It is basedon 
the measurement of the rate of absorption, rather than the magnitude of absorption, of a light pulse 
confined in a closed optica! cavity. Therefore, as we will see below, the absorption is also independent 
ofthe light intensity. This is a important advantage of CROS over conventional absorption techniques. 
Conventional absorption techniques are based upon the measurement of a small change of the 
transmitted intensity at a certain wavelength due to the absorbing medium. Therefore, the sensitivity is 
limited by the smallest measurable change of the transmitted intensity and as a consequence a very 
stabie light souree is needed. For CRDS, up to a certain extent this is not necessary. The cavity (Fig. 
2.1) usually consists of two highly reflective plano-concave mirrors with reflectivity Rï... and a 
separation d. 

<---· 
't 'L0 time 

FIG. 2.1: Principle of cavity ringdown spectroscopy. 

An absorbing sample medium can be situated in between the mirrors. The light pulse, which is in 
our case a 5 ns laser pulse, is coupled into the cavity from one side, while at the other side the light 
leaking out of the cavity is monitored by a detector. For this we have used a photomultiplier tube 
(PMT). Only a small fraction of the laser pulse is coupled into the cavity between the two mirrors, 
while the rest is reflected. The injected laser pulse is trapped inside the cavity as it reflects back and 
forth between the two mirrors. The intensity of the laser pul se will exponentially decay in time with a 
decay constant 't, the so-called "ringdown time". When no absorbing medium is present, this decay is 
caused only by losses at the mirrors, i.e., transmission and scattering losses. The exponential decay 
. . . b 13 time 'tï...o ts gtven y : 

d/c 
'.w = jln(R,t)j' 

(2.1) 

with c the speed of light. The reflectivity of the mirrors Rï... can directly be determined from the 
measurement of the ringdown time. Th is reflectivity is usually strongly dependent on the wavelength. 
On the other hand, when there is an absorbing medium in between the mirrors, the intensity of the 
laser pulse will decay fas!er due to the extra losses introduced by the absorbing medium. These losses 

5 
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consist of wavelength dependent absorption losses A>.. and losses due to Rayleigh scattering by the 
gaseous sample. In most cases the losses due to Rayleigh scattering can be neglected. Then the 
exponential decay time becomes13

: 

d/c 
r À = .,-lln-(R_;....!...,)I_+_A_À (2.2) 

When the reflectivity R~. is known, the absolute absorption per pass A~. by the gaseous medium can be 
determined directly from the measurement of the ringdown time. For a norrowband absorption, the 
cavity loss 'to baseline is automatically recorded as the ringdown time 't at a non-absorbing (or off
peak) wavelength. On the other hand, in the case of a braadband absorption spectrum at every 
wavelength position during a speetral scan both 't and 'to should be measured to avoid a shift in the 
baseline due to a long-term change in R~.. This is also especially important for reasurements in a 
reactive environment, such as plasmas, where hostile particles can have a large influence on R>... In that 
case both 'tand 'to are measured, the absorption per passcan be determined from: 

(2.3) 

which is thus independent ofthe reflectivity. Moreover, the absorption is also independent ofthe light 
intensity, making CRDS a highly sensitive technique. The smallest measurable absorption is in first 
order given by: 

r 0 -r 
Amin = (1 - R) ' (2.4) 

ro 

thus depending critically on the reflectivity of the mirrors. 6For a more detailed description of the 
sensitivity and accuracy the reader is referred to Ref. 14. 

In practice we want to obtain the density of the absorbing species, which is related to the 
absorption A~.. To determine this density, for the ETP deposition setup an axisymmetric density profile 
n(r) with radial coordinate r is assumed. This is a reasonable assumption, because the low-pressure 
vessel is axisymmetric. In that case the absorption A~.(y) at a lateral position y depends on the 
wavelength dependent absorption cross-section cr~. of the absorbing species and its line-integrated 
number density over the absorption path length /, according to: 

with 

(2.5) 

(2.6) 

and R the radius of the deposition chamber. To obtain the spatially resolved density profile n(r) of the 
species, a lateral absorption profile A~.(y) must be obtained by measuring at several lateral positions. 
Then the density can be computed from this lateral absorption profile by means of Abel inversion. 
This procedure is explained and performed in Sec. 3.2. Another possibility to obtain the density is just 
to assume a homogeneaus density distri bution of the absorbing medium within a certain radius from 
the axis ofthe deposition chamber. This has been done for instanee in Ref. 15, where all absorption 
measurements have been performed at a lateral position of y=O and an absorption path length I of 30 
cm has been assumed. In that case the integral in Eq. (2.5) can directly be solved: · .. 

(2.7) 

and the homogeneaus density can directly be determined. 

6 
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2.2 Experimental details for density measurements under steady state conditions 

The expanding thermal plasma (ETP) deposition setup has been equipped for CRDS 
measurements with a stabie optica! cavity. The optica! cavity consists of two highly reflective plano
concave mirrors (Laser Optik, -100 cm radius of curvature, 2.5 cm diameter), which have been 
positioned l 08 cm apart, see Fig. 2.2. 

Side view 

jl ____ ) Photomultiplier 
[_____}-~ :--

==Filter 

Plasma beam '' :i 

' ~ S"b''"'' 11 

holder 11 

~! ~J 

l 
Roots pumps 

Laser pulse 
(tunable dye-laser) 

Front view 

FIG. 2.2: Schematic side and front view of the expanding thermal plasma (ETP) deposition setup 
tagether with the cavity ringdown spectroscopy setup. The laser beam 's axial positions 
(0. 6, 3. 6, and IJ cm from the substrate ho/der) and radial positions (from 0 to IJ cm) at 3. 6 
cm from the substrate holder are indicated (x). The figure is nat to scale. 

For the measurement of SiH3, SiH, and Si, three sets of mirrors have been used with a reflectivity of 
-96% around 215 nm, 99.6% around 414 nm, and 98.2% around 251 nm, respectively. The mirrors 
themselves also act as vacuum seals for the low-pressure vessel. The mirrors are mounted on flexible 
bellows, allowing accurate alignment, and a very smal! Ar flow is used to proteet them against 
deposition10

'
15

• The lateral and axial position can be set by means of a sliding vacuum seal. The 
measurements ofSiH3 reported herehave been performed at a position of0.6, 3.6, and 11 cm from the 
substrate (see side view in Fig. 2.2). For an axial position of 3.6 cm, lateral SiH3 measurements have 
been performed from 0 to 11 cm from the axis (see front view in Fig. 2.2). The measurements of SiH 
and Si have been performed only at the axis at an axial position of3.6 cm from the substrate. 

to cavity 

Nd:YAG, DCR-11 

dump 

dump 

213 to 227 nm, 
245 to 255 nm. or 
405 to 414 nm. 

bandpass fiHer 

diaphragm--

Dye laser, Sirah 
PtecisionSêim-D 

prlsm 

FIG. 2.3: Optica/ setup, which generales laser pulses for the wavelength regions around 215, 251, 
and414 nm. 
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Tunable monochromatic light pulses are coupled into the cavity from the bottom. In order to 
perform the desired CRDS measurements on SiH3, SiH, and Si, these light pulses should be generated 
in the wavelength regions around 215, 414, and 251 nm, respectively. This is done with the optica! 
setup depicted in Fig. 2.3 (top view). A Nd:YAG laser (Spectra-Physics I Quanta Ray DCR-11) 
produces laser light with a wavelengthof 1064 nm at a repetition rate of 10Hz. This laser light is then 
frequency-tripled to 355 nm with KOP (Potassium di-Hydrogen Phosphate) crystals. The different 
wavelengtbs are separated by two dichroic mirrors and the 355 nm pulses are used to pump a tunable 
dye laser (Sirah Laser- und Plasmatechnik GmbH, Precisionscan-D). The dye-laser is equipped with 
an optional BBO ([3-BaB20 4, Barium Borate) crystal, which can be used to frequency-double the laser 
light. In that case, also two Pellin-Broca prisms are installed, situated in the dye-laser case, to separate 
the original and doubled frequencies. For the measurements on SiH3 the dye laser has been operated 
on a Coumarine 440 dye solution and the light is frequency-doubled by the BBO crystal. The dye laser 
delivers radiation with a tunable wavelengtil between 214 and 227 nm with an estimated laser line
width of 1. 7 pm and a typical pul se energy of 10 J.ll For the SiH measurements, the dye laser has been 
operated on an Exalite 411 dye solution yielding radiation in the range of 405-414 nm with a laser 
line-width of 3 pm. Finally, for the Si measurements, the dye laser has been operated on a Coumarine 
503 dye solution and the radiation is frequency-doubled to obtain radiation in the range of 245-255 
nm with a laser line-width of 1. 7 pm. In the case of SiH and Si only the oscillator and the preamplifier 
of the dye laser have been used, resulting typically in 10 f.l1 light pulses. In order to avoid optica! 
saturation, in all three cases the laser intensity has further been reduced by using one or two filters 
before it is introduced into the cavity. Diaphragms are used for alignment of the laser beam and to 
select the appropriate part of the laser spot, which is used for the absorption measurements. 

At the other side of the cavity, the light leaking out at the second mirror has been measured by a 
photomultiplier tube (PMT, Hamamatsu R928), which is connected to a high-voltage power supply 
operatingat 600-900 V. The PMT is shielded from the continuous plasmaand background light by a 
bandpass filter in front of the PMT. For the cases of SiH3, SiH, and Si a filter has been used with a 
width of 10 nm around 210 nm, 20 nm around 425 nm, and 10 nm around 250 nm, respectively. A 
digital 500 Ms/s, 100 MHz oscilloscope (Tektronix TDS340a), triggered by the Nd:Y AG laser, has 
been used to measure the photomultiplier signa!. For the SiH3 measurements, usually performed at one 
wavelength, an average over 64 laser shots is taken. For the SiH and Si measurements a wavelengtil 
scan is performed to measure the whole absorption peak and for every wavelength an average is taken 
over 16 laser shots. From the resulting transient signa! the ringdown time 't is determined from a 
weighted least-squares fit of the logarithm of the transient data16

. A computer program has been 
developed to control the CRDS setup including the dye-laser and the oscilloscope and to calculate the 
ringdown time 't. The program is written in the graphical programming language LabVIEW (National 
Instruments, Version 5.1, Full Development System). This languiige has been chosen becattse of its 
capability to conveniently build so-called Virtual Instruments (VI) with a high level of graphical 
interfacing. Among others, the program can be used to scan the wavelength automatically, while the 
angle ofthe BBO crystal is adjusted automatically. An example of a VI can be found in Appendix 11. 

2.3 Experimental details for time-reso/ved measurements 

Recently, in cooperation with the Technica! Labaratory Automation group of the Department of 
Applied Physics, a completely new project has been started to study the dynamics (i.e., gas phase en 
surface reactions) of the radicals in the expanding thermal plasma and their interaction with the 
surface. For this study, the density of the species that we want to measure needs to be modulated in 
time. This can, e.g., be done by looking at the RF afterglow of an RF plasma. In our case, the density 
ofthe SiHx radicals is modulated by the application of a pulsed RF signa! to the substrate in addition to 
the regular operating expanding thermal plasma. The RF power generates additional plasma in the 
neighbourhood of the substrate holder and thus also an additional SiHx radical density. After the 
negative slope of every RF pulse, i.e., during the RF afterglow, this additional density will 
exponentially decay to the density that is present during normal ETP operation. The exponential decay 
time will depend on the possible gas phase and surface reactions. For this reason, it is very interesting 
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Chapter 2. Cavity ringdown spectroscopy: principle and experimental details 

to obtain this decay time. In future experiments, we plan to use this metbod for the determination of 
the surface reaction probability of the SiHx radicals, a parameter which is essential in the 
determination of the contribution of the various species to film growth and for modeling studies. In 
order to obtain this decay time, the absorption of the SiHx radicals is sampled using CRDS at various 
times during the RF afterglow. To do this, the laser system for CROS needs to be synchronized with 
the RF pulse. Therefore, a fully computer controlled experimental procedure has been developed for 
this measurement. The experimental scheme, schematically depicted in Fig. 2.4 will be explained here. 

JFunction 100 W ·. [M~I~h-1 
~-- ·[~enerator -+amplifier r+L!ox 

I -~-------, I f 
1 Delay ~-J : Substrate 1 

I Gen~rator rl I hold~~-1 
1 i 1~ Pulsed tunable l.p.l 09positlonr·P· 
1 L__ Chamber PM 
I laser system 1 • 

Persana I L~---- 1 ~ith cav1t~ 

Computer 
l ~ ______j 

PhyDAS 
with TRC 

FIG. 2.4: Experimental scheme for the time-resolved measurements. The dashed arrows indicate 
control lines, whereas the solid arrows indicate signa! lines. The laser pulses (l.p.) are 
indicated with the two thick arrows. 

The RF power is fed to the top of the substrate holder that wil! develop a self-bias potential (see, 
e.g., Ref. 17). The RF signa! is generated by a function generator (Hewlett Packard 8116A), which 
produces a signa! with a frequency up to 50 MHz and a power up to 5 W. For the experiments 
discussed in this work, only a sine wave at 13.6 MHz is used. The signa! is amplified by a high 
frequency, 100 W amplifier. The resulting power is fed through a matching network (L-type) to 
achieve most efficient power transfer. Furthermore, the RF signa! can be pulsed with a low-frequency 
via the trigger input of the function generator. 

As has been described above, a light putse is produced by the Nd:YAG laser and is converted to 
the desired wavelength by the dye-laser before it is sentinto the optica! cavity. Because the additional 
SiHx density is created in the neighbourhood of the substrate bolder, the optica! cavity of the CRDS 
setup has been aligned at an axial position of 0.5 cm from the substrate bolder. Furthermore, the 
wavelength of the laser system is set to the center of a specific Si~ absorption "peak". The 
wavelength is kept constant during the complete measurement. Forthese time-resolved measurements 
the photomultiplier signa! is measured by a data acquisition system (PhyDAS), which is triggered by 
the Nd:YAG laser. The PhyDAS consists of a "state of the art" 100 MHz, 12 bit analog/digital 
convertor (Transient Recorder, TRC) and a Digital Signa! Processing Unit (DSP). Although this TRC 
was not available within the time frame ofthis research, the time-resolved experiment has been set up 
and tested (including the LabVIEW programming code, see below). Forthese testing purposes, the 
TRD has temporarily been replaced with a 10 MHz, 12 bit analogldigital converter (Analog Signal 
Recorder, ASR). Contrary to the Tektronix TDS340a oscilloscope, the PhyDAS system has no internat 
amplifier stage, but has a fixed input voltage range of -1-1 V. However, the output voltage of the 
PMT is only linear up to 100 mV. Thèrefore, a transimpedance amplifier with a bandwidth of -47 
MHz has specially been developed to match the output range of the PMT to the input range of the 
PhyDAS. This amplifier has been tested to have no influence on the ringdown time of the transient. 
The specifications and the layout of this amplifier are given in Appendix I. Also contrary to the 
Tektronix oscilloscope, the PhyDAS system can calculate the ringdown time 't realtime by means of 
the DSP up to a repetition rate of -2 kHz. The PhyDAS system can altematively sent complete 
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transients (1000-10000 12 bit data points) in real time to the computer. Then, the ringdown timet can 
be determined for every measurement cycle on the computer up to a repetition rate of -I 00 Hz. 

To synchronize the pulsed RF power with the Nd:YAG laser, they are both triggered by a delay 
generator (Stanford Research Systems DG 535). The delay generator has four output channels. The 
delay ofthe four channels can be set separately. 

The delay generator is in turn controlled by the computer, which sets the delays of the four 
channels. A computer program has been created in Lab VIEW in order to automatically perform a 
measurement ofthe absorption due to the additional SiHx density as a function ofthe time ~tin the RF 
afterglow, i.e., after the end of the RF putse. The measurement procedure will be treated bere on the 
basis ofthe schematic time diagram shown in Fig. 2.5. 

0.1 sec (1 0 Hz) 

. . . . . . 

j t~r~ 
10 IJS 
-10 ms 

J---------.Jf HO~ l.________.r =n~~ L 

Position in 
time ofthe 
laser pulse 

Envelope 
ofthe 
RF power 

(additional) 
SiHx density 

Output 
signaiPMT 

1 2 3 4 5 No. of ineasurement 

Time _______. 

FIG. 2.5: Schematic time diagram of the absorption measurements at different times in the RF 
afterglow. The laser pulse is scanned in time Llt relative to the negative slope of the RF 
pulse. In the ft gure also two exponential decay times are indicated. The ft gure is nat drawn 
to scale. 

First, the measurement of one averaged absorption data point for fixed settings of the delay 
generator will be discussed. Because the Nd:Y AG laser must be operated on 10 Hz, every 0.1 s the 
delay generator triggers the Nd:YAG laser togeneratea laser pulse, The delay generatoralso triggers 
the positive and negative slope ofthe RF power, thereby creating an additional 5 Hz pulsed RF plasma 
with a measured rise and fall time of -4 f.!S and a duty cycle normally set to 45%. This will generate an 
additional radical density in the neighbourhood ofthe substrate bolder, which will decay exponentially 
in the RF afterglow after the end of every RF pulse. For the SiHx radicals, this decay time is expected 
to be between 10 f.!S and 10 ms. As is shown in the bottorn of Fig. 2.5, altemately at 10 Hz an 
absorption measurement is performed in the RF afterglew (measurements 2,4,6, ... ) and a reference 
absorption measurement is performed during normal ETP eperation (measurements 1,3,5 ... ). The 
reference absorption is solely due to the radical density created in the expanding thermal plasma and 
yields a ringdown time 'tEJP· On the other hand, the absorption measured during the exponential decay 
in the RF afterglew is due to both radicals created in the ETP and the radicals generated by the RF 
power. This measurement yields a ringdown time tnF and is obtained at the time interval ~t between 
the end of the RF pulse and the laser pulse. The net absorption due to the RF power, ARF, can he 
determined from: 
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d( I 1 J ARF=- ----
c <RF 'fETP 

(2.8) 

For every set of -eRF and 'tErP, the Lab VIEW computer program calculates the absorption ARF. Th en, all 
the calculated absorptions are averaged to obtain one (averaged) absorption data point at time ~t. The 
averaging number can be set within the program. Because, the PhyDAS system can realtime calculate 
the ringdown time for each transient signa!, a selective averaging procedure bas been developed, 
which filters out "bad transients". The filter gates, which are used to select the bad transients, must be 
set before a measurement. Only from a "good" set of T.JIF and 'tETP an absorption is calculated and this 
is included in the averaged absorption data point. This way, a higher accuracy in the absorption 
measurement is expected. This LabVIEW subroutine is treated in more detail in Appendix 11 together 
with the main LabVIEW computer program. 

Next, the measurement performed by the LabVIEW program, obtains such an averaged 
absorption data point for various values of ~t. To keep the duty cycle of the RF power constant and 
thus the plasma conditions constant, the trigger for the positive and negative slope ofthe RF pulse are 
changed equally each time. In this way, the LabVIEW program automatically performs a complete 
measurement of the net absorption due to the RF power as a function of ~t. In the program, the begin 
value ( can be negative ), end value, and steps size value of ~t can be set. By means of a fit through the 
absorption data points of this measurement the exponential decay time of the rad i cal density in the RF 
afterglow can be obtained. 

Because the 100 MHz, 12 bit TRC of the PhyDAS system was not available within the time 
frame ofthis research, the fully computer controlled experimental setup could not be used. The reason 
for this is that the I 0 MHz sampling rate of the ASR is too low to accurately determine the ringdown 
time -c from a transient signa) coming from the PMT. For the measurements on SiHx radicals, at best a 
ringdown of 700 ns is obtained. Th is can only be achieved for SiH at 414 nm, where the reflectivity of 
the mirrors is much Jonger than at 217 nm (SiH3) and 251 nm (Si). Then, still only 7 data points are 
sampled per decay time -c. This introduces an uncertainty in the ringdown time that is larger than the 
additional absorption signa! due to the RF power that we want to measure. Therefore, the PhyDAS 
system could not be used for the time-resolved measurements. However, some preliminary 
measurements on SiH have been performed to demonstrate the feasibility of the experimental 
procedure of the time-resolved measurements (see Sec. 4.4). For these measurements, the same 
Tektronix TDS340a oscilloscope has been used to measure the transient signa! from the PMT that has 
also been used in the steady state density measurements. Because the oscllloscope can not handle the 
absorption transients realtime, the measurement procedure has slightly been adjusted. The pulsed RF 
power is run at 10 Hz instead of 5 Hz. In this way, first an average over 64 laser shots is taken, with 
each laser shot in the RF afterglow (measurements 2,4,6, ... ), from which an averaged 'tRF is obtained. 
Then a 64 average is taken with each laser shot during normal ETP operation (measurements 1,3,5 ... ), 
yielding an averaged 'tETP· From the averaged •RF and -cETP the averaged absorption data point ARF can 
be obtained for the specific ~t. In this way, a complete measurement of the SiH absorption has been 
performed as function of ~t, from which the feasibility of the time-resolved measuring technique is 
demonstrated (see Sec. 4.4). 
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Chapter 3 

SPECTROSCOPY OF SIHx RADICALS, MEASUREMENT 

PROCEDURES, AND DENSITY DETERMINATION 

In this chapter, first some spectroscopie information is given for each of the three different 
radicals (SiH3 §3.2, SiH §3.3, Si §3.4), which have been measured using CRDS. This information on 
the probed electronic transitions is required for speetral identification and density determination of the 
radicals. Moreover, procedures for the measurements and the determination of the density as wel! as 
other relevant information, e.g., the rotational temperature, wil! be given. Futhermore, the possible 
presence of Si clusters in the plasma wil! briefly be discussed. 

3.1 SiH3-radical 

3.1.1 Spectroscopie intermation 

In 1986 Olbrich predicted the excited states of SiH3 by ab initia molecular orbital calculations18
. 

These revealed that the first electronically excited state of SiH3 is optically accessible in the far UV 

around 215 nm by means ofthe electronic transition A 2A; +--X 2A1 
19

• The first excited (A) state is 
predissociative and thus short-lived and non-radiative. Here a brief semi-classica! description of the 
predissociation process wil! be given on the basis of the SiH3 radical, which is schematically depicted 
in Fig. 3.1. Detailed spectroscopie data on SiH3 is available from Refs. 19-21. 

A state 

SiH + H 
2 

intramolecular distance 

FIG. 3.1: Schematic potential energy diagram, explaining predissociation of SiH3. The 
predissociation process upon the electronic X toA state transition is indicated by arrows. 

The first electronic excited state of SiH3 (the A state) is crossed by a dissociative state. After a 
transition to certain levels in the excited A state has occurred, a chance exists that the excited electron 
wil! ''jump" after some time from the A state to the dissociative state, leaving the total molecular 
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energy unchanged. Now the molecule will find itself on the potential curve of the dissociative state. 
This potential curve is unstable and leads to a high molecular distance, i.e., the molecule dissociates 
with matching kinetic energy Ek. The dissociation products are Hand SiH/2

, possibly in an excited 
state (this is unknown). The predissociation process upon the X to A state transition is indicated by 
arrows in Fig. 3.1. The broadening of the discrete levels a, b, and c of A, which are called 
predissociative, depends on the lifetime of the level. For this reason this broadening is also called 
predissociative lifetime broadening. 

The lifetime of a certain level in A inversively proportional to the probability that the electron will 
''jump" from the A state to the dissociative state. Classically this chance depends on the position ofthe 
crossing point of the stabie A state with the dissociative state. A position of the crossing point very 
close to the classica! turning point of a vibrational state in A (in Fig. 3.1, for instance, level b) means a 
high chance for an electron jump and a short lifetime of the predissociative state. However, for level c 
and higher, which arealso predissociative, this lifetime will be Jonger. We can understand this using 
the Franck-Condon principle, which is generally stated as23

: 

"The electron "jump" in a molecule takes place so rapidly in comparison to the vibrational motion of 
the molecule that immediately afterwards the nuclei still have very nearly the same relative position 
and velocity as befare the jump" 
Th is means that for levels, which have their classica! turning point close to the position of the crossing 
point, the relative positions and veloeities of the nuclei do not have to change much during an electron 
jump between electronic states. Th is leads to a high probability for an electron jump and thus a short 
lifetime and a braadband absorption peak. For the case predissociative state A of SiH3, this results in 
braad overlapping spectrallines. 

In 1991, the electronic A 2A; ~X 2A1 transition of SiH3 has been measured for the first time by 
Lightfoot et al.22

• They found that the (broadband) peak ranges from 200-260 nm. Furthermore, they 
estimated an upper limit for the peak absorption cross-section of a=2.4·1 o-21 m2 at 215 nm, where the 
maximum absorption was found. 

3.1.2 SiH3 speetral identification 
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FIG. 3.2: Parts of the (normalized) SiH3 absorption spectrum as measured by cavity ringdown 
spectroscopy for a H2 flow of 0 and I 0 sccs. The absorption spectrum reported by Lightfàot 
et al. 22 is given for comparison. 
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In order to identify SiH3, the absorption has been scanned in two wavelength regions (around 217 
nm and around 250 nm) for two different plasma settings. In this way, parts ofthe absorption spectrum 

of the A 2A; ~ X 2A1 transition of SiH3 have been obtained. A complete scan over the whole 
braadband absorption peak was not possible, because the wavelength range of the optical set-up is 
limited by the wavelength range ofthe available cavity mirrors, while wavelengtbs below 210 nm can 
a lso not he accessed by the laser system. The measurements are shown in Fig. 3.2 tagether with the 
SiH3 absorption spectrum reported by Lightfoot et al. 22

. For clarity, a reduced data set has been plotled 
in Fig. 3 .2. The complete data set consists of an absorption measurement point every 0.1 nm, without 
revealing any underlying fine structure. The measurements at both wavelength regions fit perfectly to 
the SiH3 absorption band measured by Lightfoot et al. The measurements with different plasma 
settings with possible different kinetic temperatures have no influence on the shape of the spectrum. 

-2 . - 2 
Due to its braadband nature, the A A1 ~ X A1 absorption spectrum can not unambiguously he 
identified from our measurements. Therefore, the SiH3 density measurements have been compared 
with threshold ionization mass speetrometry (TIMS) measurements on SiH/·24

.2
5

• The comparison is 
given in Fig. 3.3. The CROS measurements show a very good correlation with the TIMS 
measurements. Furthermore, the absolute density values show a good agreement considering the · 
calibration procedures of CROS (addressed below) and TIMS. 1t is therefore established that the 
braadband absorption signal around 220 and 250 nm is due to SiH3. 
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FIG. 3.3: The axial SiH3 density as obtained from cavity ringdown spectroscopy (CRDS) as a 
junction of the SiH3 density determined from thresho/d ionization mass spectroscopy 
(TIMS). The TIMS data refer to the position ofthe substrate while the CRDS data refer toa 
distance of 0. 6 cm from the substrate. The measurements have been performed for a H2 
flow of JO sccs, an Ar flow of55sccs, and an are current of 45 A. 

As we will see below, around 413 nm a very small background absorption (3.0x104
) has however 

been observed, which underlies the SiH-radical absorption spectrum. The background absorption, 
which exists at least within the full wavelength range of the mirrors (from 405 to 414 nm), shows 
some correlation with the SiH3 absorption measurements. Therefore, it could be argued that the 
"absorptions" (for a flow of 10 sccs H2 and Si~) of 6.9x 1 o-3 at 217 nm, 2.1 x 1 o-3 at 250 nm, and 
3 .Ox 104 at 413 nm originate from one source. If that is the case, then the "absorption" around 217 and 
250 nm is not caused by SiH3 absorption alone. For this reason, this background absorption appears to 
undermine the conclusive identification of the SiH3 radical. That is why, we have extensivelr 
considered the possibility of Rayleigh scattering and absorption by Si dust particles in the plasma9

•
1 

• 

The magnitude of Rayleigh scattering and absorption by Si dust particles decreases with increasing 
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wavelength and could therefore be an explanation for the apparent CROS absorption values. For 
reasanabie assumptions regarding the composition ofthe Si dust particles, possible "absorptions" due 
to Rayleigh scattering and absorption by such particles have been examined26

• In Fig. 3.4, these 
"absorptions" are shown as a function of the wavelength for a radius of the Si clusters of 1, 10 and 25 
nm. The CROS absorption measurements as well as the SiH3 absorption spectrum reported by 
Lightfoot et al. are given for comparison. In Fig. 3.4, it is seen that the wavelength dependenee of all 
three calculated "absorptions" differs significantly from the measured absorptions. The best agreement 
with the CROS measurements is seen for Si clusters with a radius smaller than 10 nm. This agreement 
is however not nearly as good as the agreement of the CROS measurements with the SiH3 absorption 
spectrum reported by Lightfoot et al. Furthermore, if we assume that the measured absorptions around 
413 nm are due to Si clusters then it can be seen from Fig. 3.4 that the measured absorptions around 
217 and 250 nm are fully attributed to the Si clusters and thus no SiH3 is measured with CROS. This is 
very unlikely, because a high SiH3 density of greater than 1018 m·3 has been demonstrated with 
threshold ionization mass speetrometry (TIMS). Moreover, in Fig. 3.3. it is seen that the absorption 
arom1d 217 nm show a very good correlation with the TIMS measurements. On the basis of this 
examination and additional arguments concerning aperture well measurements7

•
8
, it is concluded that 

the measured absorptions around 220 and 250 nm are due to SiH3 with no significant contribution to 
the absorption originating from the Si dust particles26

• The presence of Si dust particles in the plasma 
can however not totally be excluded. 
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FIG. 3.4: The calculated "absorptions" due to Rayleigh scattering and absorption by Si dust 
particles as ajunetion ofthe wavelengthfor a radius ofthe Si cluster of 1, JO and 25 nm. 
The CRDS absorption measurements around 217, 250, and 413 nm as wel/ as the SiH3 

absorption spectrum reported by Lightjool et al. are given for comparison. 

3.1.3 Radial SiH3 density profile and absolute density determination 

As we have seen from Eq. (2.5) in Chapter 2, for an axisymmetric density profile n(r), the 
absorption A1-..(y) at a lateral position y depends on the wavelength dependent absorption cross-section 
cr1-.. of the absorbing species and its line-integrated number density over the absorption path length l. 
For the SiH3 radical, the wavelength dependent absorption cross-section cr1-.. has been estimated by 
Lightfoot et al. to be a-=2.4·10-21 m2 at 215 nm22

• For wavelengtbs other then 215 nm the absorption 
cross-section can be taken according to its relative height value in the (broadband) absorption 
spectrum in Fig. 3.2. To obtain the spatially resolved density from the line-integrated number density 
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two procedures can be applied. In the first approach, a homogeneaus SiH3 density is assumed within a 
eertaio radius from the axis of the deposition chamber. This procedure has been applied in Ref. 15, 
where all absorption measurements have been performed at a lateral position y=O. In this artiele the 
homogeneaus SiH3 density has been assumed over an absorption path length I of 30 cm. In that case 
the integral in Eq. (2.5) can be solved directly and the homogeneaus density can be determined 
directly from Eq. (2.7). 

Here, however, another procedure is applied, which yields the spatially resolved density n(r). For 
an axisymmetric density profile, the spatially resolved density can be calculated from the lateral 
absorption profile A1-.(y) by means of Abel inversion27 of Eq. (2.5). Th is yields: 

-1 r l dA)..(y) 
n(r)=-- 2 2 112 dy. 

a'-1t (y - r ) dy 
(3.1) 
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FIG. 3.5: The absorption A(y) as measured at lateral positions rangingfrom 0 to 11 cm at a distance 
of 3. 6 cm from the substrate holder for a SiH4 and H2 flow of both 10 sccs and an are 
current of 45 A. For Abel inversion the lateral profile has been fitted by a sum of two 
Gaussians, both centeredat y=O, while imposing zero absorption at the radius of the setup 
y=R=25 cm. For presenta/ion purposes, at y<O the same values are given as for y>O. 
Furthermore, for comparison the lateral absorption profile A(y) as calculated from 
simuialed SiH3 densities (see below) is givenfor the same axial position. 

To do so, the absorption A1-.(y) has been measured at À=217 nm for different lateral positions y at 
an axial position of 3.6 cm from the substrate holder. This lateral absorption profile is shown in Fig. 
3.5. The data have been averaged over ten separate measurements and the error bars have been 
calculated from the standard deviation. Unfortunately, due to practical limitations, measurements 
could only be performed at this axial position and for lateral positions ranging from 0 to 11 cm. This 
lateral absorption profile will enable a calculation of the spatially resolved SiH3 density by means of 
Abel inversion. For practical evaluation ofEq. (3.1), the lateral profile ofthe absorption is fitted toa 
sum oftwo Gaussians, both centered aty=O. The advantage ofthis metbod is that Gaussians, centered 
at the axia, are invariant to Abel inversion making the calculation straightforward. The fit is also 
shown in Fig. 3.5, where it has been imposed that the lateral absorption profile drops to zero at y=R. 
Other procedures for carrying out the inversion27

'
28 are not useful here due to the fact that only a few 

data points are available and only for a limited part of the profile. Concerning the fit in Fig. 3.5, it 
should be noted that it does not describe the data points perfectly and that it is certainly not unique. 
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Nevertheless, it is assumed that it gives a reasonable description of the profile, although in the 
interpretation ofthe deduced radial SiH3 density distribution these factors should be kept in mind. 
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FIG. 3.6: Radial dis tribution of the SiH1 density as obtained jrom the Abel inversion of the fit of the 
lateral absorption profile in Fig. 3.5. 

In Fig. 3 .6, the radial profile of the SiH3 density as calculated by Abel inversion from the fit of 
the lateral absorption profile in Fig. 3.5 is given. Apart from a decrease in density in the outward 
direction, which can be attributed to outward diffusion and surface loss, the profile is hollow at the 
axis. This was actually already evident from the lateral absorption profile in Fig. 3.5. The hollow 
profile is most probably caused by a temperature effect: a higher gas temperature at the axis in a 
(nearly) isobaric reactor24 leads to a lower SiH3 density at the axis. The radial distribution of SiH3 

density found for 10 sccs Silit is expected to be representative for the radial SiH3 density distributions 
for other plasma conditions within the accuracy. 

The absolute density value of SiH3 at the axis depends strongly on the degree of "hollowness" of 
the radial profile of the SiH3 density. Due to the uncertainties in the fit the axial SiH3 density is not 
known within a factor of 2. Therefore, in order to obtain more insight into the radial distribution of 
SiH3, it has been compared to an analogous radial distribution profile obtained by two-dimensional 
axisymmetric fluid dynamics software PHOENICS-CVD29

• The model is treated in more detail in Ref. 
24. In this artiele it is concluded that the predictions by the model of the downstream plasma processes 
are in good agreement with experiments for the plasma settings ofFigs. 3.5 and 3.6. A radial density 
distribution of SiH3 has been obtained with the model, showing also a hollow profile, albeit the depth 
of the profile is much smaller for the simulation. To avoid the uncertainty in the absolute SiH3 density 
introduced by the Abel inversion, it is better however to compare the lateral SiH3 absorption 
measurements with the "absorptions" calculated from the simulated radial density distribution. For 
such calculated lateral "absorptions" no assumptions have to be made and they are shown in Fig. 3.5. 
The two lateral absorption profiles of Fig. 3.5 show a fairly good agreemenr4

• 

As mentioned above, it should be kept in mind that the radial distribution, and thus the axial 
density, is very sensitive to the fit of the lateral absorption profile and the errors in the absorption 
values. This complicates a conclusive interpretation on the axial SiH3 density at a position of 3.6 cm 
from the substrate holder for the plasma settings ofFigs. 3.5 and 3.6. The estimated density in Ref. 15, 
where a homogeneaus distribution of SiH3 over a path length of 30 cm was assumed, is in agreement 
with the axial density determined from the radial density profile within the experimental uncertainty. 
For mostother plasma settings and for other positions from the substrate the lateral absorption profile 
of SiH3 has not been measured but is not expected to change significantly. Also, for the SiH and Si 
radicals these lateral absorption measurements have not been performed, but a significant difference 
with the measured lateral absorption profile is again not expected. Therefore, for all these cases it is 
expected that the assumption of a homogeneaus distribution of SiH3 over 30 cm is a good 
representation and therefore this assmption will be made for simplicity. 
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Chapter 3. Spectroscopy of SiHx radicals, measurement procedures, and density determination 

3.2 SiH-radical 

3.2.1 Spectroscopie information 

In this section, the spectroscopy for the diatomic case of SiH is given. This spectroscopy is 
described in more detail than the spectroscopy of SiH3, because the case of SiH is relatively simple 
compared to the case of SiH3 of which also fairly little is known. Furthermore, to determine the ground 
state density of SiH it is necessary to obtain the energy level diagram of SiH. The description of the 
spectroscopy will start genera!, but will gradually focus on the A 2

1::!. (- X 2ri electronic transition of 
SiH. 

In the Born-Oppenheimer approximation of the Schrödinger equation the total energy of a 
molecular state can be presented as the sum of three parts: the electronic (Ee), vibrational (E,.), and 
rotational (E,) energy terms: 

E = Ee + E,, + E,. (3.2) 

First the rotation, vibration, electrooie states, and resulting total molecular states wil! be discussed. 
This will be foliowed by a description of the selection rules for transitions between the different 
molecular states and the resulting absorption spectrum. For a more extensive treatment see, e.g., Refs. 
23 and 30. 

Rotarian and vibration 
The Schrödinger equation for a rigid rotator can be solved, yielding discrete energy levels. In 

molecular spectroscopy these are usually written in the form of so called term values F(J), measured 
in cm-1

, 

F(J) = E, = B · J(J +I)- D · J 2(J + 1)2 + ... , 
he 

(3.3) 

where J is the rotational quanturn number. In Eq. (3.3), the first term on the right hand side of the 
equation describes a rigid rotator with B the rotational constant. The correction factor D has to be 
introduced, because a molecule is nota completely rigid rotator. 

The vibrational term values can bedescribed in a similar way: 

G( ) _ E,, _ ( 11) _ ( 11)2 ( 1/)3 _ 
V - - (J)e V+ /2 (J)eXe V+ /2 + ffieYe V+ /2 ... ' 

he . 
(3.4) 

with the first term on the right hand side descrihing a harmonie oscillator, with roe the vibrational 
frequency and v the vibrational quanturn number. Because a molecule is not a perfect harmonie 
oscillator, the other terms have been introduced as a correction factor. This implies that the spacing 
between the vibrational levels decreases with increasing v and that the number of possible energy 
levels is finite. 

When rotation and vibration take place simultaneously, this gives rise to mutual interaction, 
causing the rotational constant B to change with the inter-nuclear distance. This yields a correction 
factor in B, from now on indicated as B,.: 

(3.5) 

with Be the true rotational constant. The rotational constant D is changed to D. in a similar manner. 
Now the rotational term value, depending on B,, and D,,, is indicated by F,,(J). 
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Electronic stales 
To explain the electronic states of the molecule, a different approach will be made, beginning 

with the energy levels of a molecule with a single electron and finally expanding it to the many
electron molecule case. 

We first consider a one-electron molecule, e.g., H/, as an electron moving in the field of two 
protons. Qualitatively the energy levels are obtained starting from the case that the two protons would 
be united: the He+ ion, characterizing the electron state by the principle quanturn number n and by the 

quanturn number /, which indicates the magnitude ofthe orbital angular momenturn Ï: 

lïl = tz~/(1 + 1) 0 (3.6) 

In the H2 +-case (separated protons) an electric field between the nuclei is introduced and the 

component of Tin the field-direction (m1) can only assume the following discrete values: 

m1 = -1,-1 + 1, ... ,/. (3.7) 

The energy associated with an electron orbiting in this electric field depends on the magnitude of m1, 

introducing À=jm1j. In analogy with the orbital wave functions for atoms, designated s,p,d, ... for 
/=0,1,2, ... , the orbital wave functions formolecules are named cr,n,ö, ... for À=0,1,2, ... , the n,ö, ... -
orbitals being doubly degenerate. So a typical electronic state of one electron within a molecule could 
be 3pna, where the different nuclei are distinguished by the subscript a orb. 

In a many-electron system each electron i may at first be considered separately in the field of the 
two nuclei and the other electrons, keeping its quanturn numbers: n;, I; and À;. The electronic state of 
the total molecule may now be characterized by the total orbital angular momenturn L : 

(3.8) 

In analogy with the one-electron case, we can introduce a component of L in the field direction: ML 
and its absolute value A, which couples with the energy in the electric field of the nuclei. Then the 
orbital wave functions for the molecule are denoted as ~,Il,~, ... , for A=O, 1,2, ... As in the case of À, 

for A2=:1, the states are doubly degenerate. However, the A=~ state can exist in two forms with respect 
to its parity: symmetrie ( +) and antisymmetrie (-), according to the symmetry properties of the 
wavefunction regarding to a reflection at any plane through the inter-nuclear axis. 

For the spin of a molecule, the derivation can be done in a similar manner: 

(3.9) 

defining a new quanturn number Ms for the component of S along the inter-nuclear axis, with values 

Ms = -S,-S + l, ... ,S. (3.10) 

This leadstoa total of 2S+ 1 distinct spin states with the same energy, making 2S+ 1 the multiplicity of 
the level. 

Now the full term type symbol for the electronic state of a molecule can formally he introduced 
as: 

2S+I[A 1 . 
.IA+M.I. (3.11) 
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Here an extra character X,A,B,C, ... may be added to indicate whether the state is ground state (X) or 
one ofthe excited states (A,B,C, ... ). 

Now for our case of SiH, the ground state and first excited electrooie state can be derived, 
keeping in mind the Pauli-principle, which requires that no two electrans may occupy the exact same 
set of quanturn numbers. The electron configuration of the ground state of SiH is 
KL(3sai(3pai(3pn), which results in A=l and S=l/2 and yields one possible state, the 2Il state. The 
electron configuration ofthe first excited state is KL(3scr)\3pcr)(3prt)2

, making A=2 or 0 and S=1 or 0. 
Th is results in the following possible states: [4 ~-], 2 ~. 2~+ and e~-]31 . The brackets indicate states, that 
have never been observed. 

Coupling ofrotation and orbital motion 

So far the interaction between the motion of the electrons, presented by L and S , and the 
rotation of the molecule as a whole, accounted for by the introduetion of the angular momenturn of 

nuclear rotation N , has been neglected. However, this interaction is needed to obtain the rotational 
and vibrational energy levels within an electrooie state. Adding these three component yields the total 

angular momenturn J , 

IJl= h~J(J +I). (3.12) 

Here J is the quanturn number ofthe total angular momentum, which should not be confused with the 
rotational quanturn number, introduced above and which is also called J. There are several possible 

ways to obtain J, described by the so-called Hund's coupling cases23
. The two most important cases 

wil! be discussed here. 
Hund's coupling case (a) applies when the electronic motion couples much stronger to the inter-

nuclear axis than to the nuclear rotation. Then L and S both precess about the inter-nuclear axis and 
the total electronic angular momenturn can be defined by 

(3.13) 

In this case, a "good" quanturn number can be introduced for the absolute value of the component of 

n along the inter-nuclear axis: n . Now N and n can be added to form J , and J can only assume 
the values 

J=Q,Q+1,Q+2, ... (3.14) 

As we wil! see below, for low values of J the 2Il electronic ground state of SiH is an example of a 
Hund's case (a). The corresponding energy level scheme is shown in Fig. 3.7. In this figure also the 
first excited state 2~ ofSiH is shown. In the particular case ofSiH the 2~ state is an example of Hund's 
case (b), which will be discussed next. 

Hund's coupling case (b) applies when the coupling of S to the inter-nuclear axis is very weak. 

Now n is no langer a "good" quanturn number. However, in this case N and L couple to form the 
total angular momenturn apart from spin: K . This is accompanied by a new "good" quanturn number: 

K, which can take on the values A, A+1, A+2, ... In this case, S can he added to K to form J, 
resulting in J assuming the values 

J = (K + S),(K + s -1), ... ,1K- SI. (3.15) 

So for S<K, a level with fixed K splits into (2S+ 1) components with different J. For 2S+ 1 =2, as in the 
case of the 2~ state of SiH, there are two components fora fixed K, which are denoted as F 1(.J) and 
F2(.J). 
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FIG. 3. 7: The dis tribution of the energy levels for a) the 2 IJ electronic ground state of SiH, which for 
low values of J is an example of Hund's case (a), and b) the 2 Ll state of SiH, which is an 
example of Hund's case (b). The dashed fine is aresult jrom Eq. (3.14). 

For the 2I1 state of SiH a transition from case (a) to case (b) ( called an intermediale case) wil! 

occur when going from low to high J-values. In this case the nuclear rotation wil! increase, causing S 
to become uncoupled from the inter-nuclear axis in a process called spin-uncoupling. This process 
complicates the calculation of the energy levels for the 2IT state of SiH. 

As seen before for A>O, there is always a twofold degeneracy. Now, with increasing J, the total 
orbital angular momenturn L may also become a little less coupled to the inter-nuclear axis. This 
process, called A-type doubling, has usually a very smal! effect, but not negligible for the 2IT ground 
state of SiH. The result is that each level of a state with ~l splits into two levels, which are 
distinguished by subscripts c and d in order to obtain, e.g., Flc(J) and F1J...J). Alternatively, the upper 
or lower A-type level has a positive (+) or negative (-) parity. 

Transitions and selection ru/es 
Hereby all aspects of the energy levels of a molecule, neerled to explain the absorption spectrum 

of SiH, have been treated. In correspondence with the three types of energy of Eq. 3.2, the electronic, 
vibrational and rotational energy terms, we can find three types of transitions between energy levels 
and hence three types of spectra: 
1) Rotational spectra: transitions between different rotational levels of a fixed vibrational and 

electronic state; 
2) Rotational-vibrational (rovibrational) spectra: transitions between rotational levels of different 

vibrational states; · · 
3) Electronic spectra: transitions between rotational and vibrational states of different electronic 

states; 
Here the A2A~X2rr electronic spectrum of SiH wil! be discussed further on the basis of the 

different selection rules, which are neerled to determine the allowed transitions for this spectrum. Only 
the selection rules that concern the case of SiH will be treated here. 

First, for any atomie system the selection rule for the quanturn number J, which holds rigorously 
for electric dipole radiation, is 

M=O,±l and J=O~J=O. (3.16) 
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All the rotational transitions with a specific A.! within one specific electronic and vibrational transition 
type (a specific band) make up sequences named branches, introducing the convention: 

A.!= -1: P- branch, 

A.! = 0 : Q - branch, 

A.! = + 1 : R - branch. 

(3.17) 

Next, for vibrational transitions there are no strict selection rules. However, for the parity of a 
state there exist selection rules, which hold quite generally: positive terms combine only with negative 
terms, and vice versa. Symbolically 

+ ~ -, + +-+-7 +, - +-+-7-. (3.18) 

Purthermare there exist selection rules holding both for Hund's case (a) as wellas for case (b): 

l1A = 0, ± 1; M = 0, (3.19) 

with l1A=A' -A", using the general notatien that a single prime indicates upper levels and that double 
primes indicate lower levels. 

Consirlering case (a) and case (b) separately, the following selection rules exist: 

case (a): D.Ms = 0 and .6.Q = 0, ± 1 , (3.20) 

case (b): LV(= 0, ± 1' (3.21) 

with for case (b): the main branches consist of the cases where LV(=AJ. These have always a much 
higher intensity then when M:tAJ, the so-called satellite transitions. 

Now the general notatienfora rotational transition can be given, first for Hund's case (b): 

MAJ. . (J"). 
F final 'FinilitJI 

(3.22) 

Here LV( takes on 0, P, Q, R, and S for the values -2, -1, 0, 1, and 2, respectively, and LV( is omitted 
when LV(=AJ. Also when specific information can be derived from the rest of the notation, this 
information is omitted. For Hund's case (a) LV( is replaced by !:::.N. 

Now we can derive the allowed transitionsin the A2
ó.{:-X2II electrooie spectrum of SiH, shown in 

Fig. 3.8. For the moment, it is assumed that the X2I1 is in case (b). for simplicity. This is actually only 
true for high J-values. Within this assumption there exist six main branches: P1(J), P1(J), Q1(J), Q2(.J), 
R1(J) and R2(.J), with the rotational term, for example, 

J1(J)=F;'(J-1)-F;"(J)+v0 J?.3.5. (3.23) 

Here the band origin v0, given in cm·1
, represents the total difference between the electrooie and 

vibrational terms concerned, i.e., v0 = (E.+ Ev)'- (E.+ E.)". The lower limit of J arises from Eq. 3.15. 
The X2I1 state of SiH is however nota perfect case (b}, but more a intermediate coupling type (case 
(a) for low J-values). Therefore, the selection rule (3.21) may be violated. For M:tA.Jthis results in 
six satellite branches: QP21 (J), RQ21 (J), sR21 (.J), 0 P 12(J), PQ12(J), QRI2(J). 

The last aspect that will be treated is the A-type doubling, which splits every level in two sub
levels, designated c and d. Because of the parity selection rule of Eq. (3 .18), i.e., c ~ c and d ~ d 

for the P and R branches and c ~ d for the Q branches, the A-type doubling causes every transition to 
split into two components and not four. This designates the six branches Pc, Pd, Re,~' Qcd and Qdc· 

23 



CRDS study of the densities and kinetics of SiHx radicals in a remote Si~ plasma 

Concluding, for each vibrational transition within the electronic transition (e.g., the (0,0) band) no less 
then 24 distinct branchesexist (see Fig. 3.8) all ofwhich are in fact observed32

• 

The total A2~~X211 electronic (absorption) spectrum of SiH has herewith been discussed. The 
only aspect not yet considered is the intensity distribution over the various bands, branches, and 
transitions. Although, the intensity distribution is necessary for the determination of the rotational 
temperature, it wiJl not be discussed here. Fora treatment on this subject, one is referred to Refs. 23 or 
33. 
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FIG. 3.8: The transitions in the A2 Ll ~X2 IJ e/ectronic spectrum of SiH, which are allowed by the 
various selection ru/es. Because this transition is an intermediale case, in total 24 
transition are allowed 
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3.2.2 SiH-spectrum 
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FIG. 3.9: Part of a measured and simulated spectrum of the A1 Ll ~X2 IJ electronic transition of SiH in 
the expanding thermal plasma. In the simulations only the A 1 Ll (v '=0) ~X 1 IJ (v' '=0) band 
is taken into account and the spectrum is shifted vertically for clarity. The plasma 
conditions areanAr flow of 55 sccs, a SiH-1flow of 2 sccs and a H1 flow of 0 sccs. The are 
current is 66 A. The rotational temperafure is 1800:!:300 K and the laser line-width is 3 pm. 
The rotationallines used to delermine the SiH density [Q1(11.5), QJ(l4.5), and R2(1.5)] and 
the rotational temperafure [ratio QJ(l4.5) and R2(1.5)] are indicated. 

Having treated the theory of molecular spectroscopy for the case of the SiH A 2A (- X 2II 
electrooie band spectrum, in this section it will be shown that the SiH spectrum can be measured 
around 414 nm using CRDS. Therefore, the wavelength ofthe laser has been scanned from 412.5 to 
414.5 nm and the resulting absorption data is shown in Fig. 3.9. The measurement has been carried out 
for an are current of 66 A and a H2 and Silit flow of 0 sccs and 2 sccs, respectively. A stepsize in the 
laser wavelength of 5x 104 nm was used to scan over the spectrum and for every wavelength the cavity 
ringdown time 't has been measured with and without precursor flow. A small braadband absorption, 
which has already been addressed in Sec. 3.1, has been observed underlying the line-spectrum. The 
absorption spectrum of SiH, shown in Fig. 3.9, has been corrected for this background absorption. In 
Fig. 3.9, the spectrum of the SiH A 2A (v'=O) (- X 2II (v"=O) band is shown as calculated by the 
program LIFBASE34

. The relative height of the peaks in the simulated spectrum has been matched to 
the experimental spectrum by varying the rotational temperature of the X 2II (v=O) ground state of 
SiH, which is an input parameter in LIFBASE. 
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3.2.3 Rotational temperature 

In this section the procedure will be given, which is used for the determination of the rotational 
temperature (T,."1) of the electronic and vibrational ground state (X 2II (v"=O)) of SiH for different 
plasma settings. As seen in the previous section, the rotational temperature can be deduced by varying 
the rotational temperature in the simulations to obtain the best match with the measurement. In this 
way, a Tro1 of 1800±300 K for SiH could be deduced for the plasma settings of Fig. 3.9. However, this 
procedure of measuring a whole spectrum for every plasma setting to obtain the rotational temperature 
for the particular setting is too elaborate. Therefore, in practice only a small part of the spectrum is 
measured. In order to obtain an accurate measurement of the rotational temperature the scanned part of 
the spectrum is chosen such that it contains two absorption peaks, of which the relative heights vary 
relatively strongly with varying rotational temperature. Here the Q1(14.5) and the R2(1.5) transition of 
the SiH A 2D. (v'=O) (- X 2II (v"=O) band have been chosen for this purpose. These lines have a 
wavelength position close to each other and can therfore be scanned easily in one scan. The first 
transition is a double transition [Q1ca{14.5) and Q1Jc(l4.5)] due to A-type doubling, but the relative 
height of these lines is constant and also equal for different rotational temperatures. A typical example 
of the determination of Trol by comparing the measured part of the spectrum with the simulation is 
given in Fig. 3 .I 0. In this specific case the determination of the rotational temperature yields Tro1= 1400 
±200 K. From determination of the rotational temperature at various plasma setting (see Sec. 4.3), it 
has been found that for an are current of 45 A and 75 A the rotational temperature is 1500 K and 1700 
K, respectively. Because the probability for rotational-rotational and rotational-translational energy 
transfer in molecular collisions is close to unity35

, it is justified to assume thermal equilibrium between 
rotation and translation. This means, that the kinetic gas temperature for a particular plasma setting 
can betaken equal to the rotational temperature of SiH. This kinetic gas temperature can be used to 
determine the width of the absorption peaks due to Doppier broadening. From the difference between 
the width of the measured peaks and the width due to Doppier broadening the laser line-width of our 
optica! system has been determined. This has yielded a laser line-width of ~3 pm". 
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FIG. 3.10: Part ofthe spectrum, which contains the QJcJ(11.5), Q1Jc(l4.5), and R2(l.S) transition The 
part of the spectrum has been fitted by three simulations obtained with LIFBASE with a 
rotational temperafure of 1200 K, 1400 K, and 1600 K 

a This laser line-width of -3 pm is still much larger than the 1.7 pm, which is specified for our dye laser (Sirah 
Laser- und Plasmatechnik GmbH, Precisionscan-D). 
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3.2.4 Density determination 

The best way of determining the total density ofthe ground state SiH in the plasma is to measure 
the whole SiH A 2

6. (-X 2II electronic band spectrum. In this way every specific rotational state ofthe 
SiH ground state is probed and for each rotational state the density of the SiH radical in this state can 
be determined. Adding these densities yields the total ground state density of SiH. This procedure is 
however very elaborate. Therefore, in practice only one (or a few lines) are scanned and the total SiH 
density is determined from the density in this particular state and the calculated relative population 
density of the state, which depends on the rotational and the vibrational temperature. In our case for 
each plasma setting two lines, the Qt(ll.5) and Qt(14.5) transitions, are scanned in order to obtain also 
an estimation ofthe accuracy. 

Todetermine the density in a specific state it is necessary to know the integrated absorption cross 
section cr;111 for the measured transition. This is the wavelength dependent absorption cross section cr,_ 
. d I " k"36 mtegrate over t 1e pea , 

(3.24) 

with À;k the wavelengtil of the transition between levels i and k, h Planck's constant and B;k the 
Einstein absorption coefficient. The latter is a constant for the specific transition and can directly be 
obtained from LIFBASE. In the case ofSiH B;k is 1.129xl010 m2/Js and 1.167x1010 m2/Js fortransition 
Q1(11.5) and Q1(14.5), respectively. As discussed in Sec. 3.1, a homogeous density distribution over 
an absorption path length of !=30 cm can be assumed to obtain the axial density according to 

(3.25) 

which is analogous to Eq. (2.7). The integrated absorption A,;,1 can be obtained directly from the 
measurement by determining the area under the absorption peak. 

For the calculation of the relative population densities of the measured sublevels of the X2II 
ground state of SiH a computer code has been written in the programming language C, in which a 
Boltzmann distribution over the various energy levels is assumed. This assumption can be made 
because the X2II state of SiH is in complete rotational equilibrium. In the calculation of this 
Boltzmann distribution the measured rotational temperatures have been used for the different plasma 
settings, along with an estimated vibrational temperature. The vibrational temperature has been 
estimated for each specific plasma setting to be equal to the average of the rotational temperature 
(T ro~ 1500 K) and the vibrational temperature, obtained from optical emission spectroscopy 
measurements (T.,;b~3000 K)7

• The former is expected to be a lower limit, whereas the latter is 
expected to be an upper limit. This estimation introduces an uncertainty ~30%. 

Because the X2I1 state has an intermediate type of coupling mechanism the correct equations to 
calculate the energy levels are rather complex. Therefore, it is assumed that the ground state is in 
either Hund's case (a) or case (b) for all J-values, because for both separate cases the calculation is 
relatively simple. Since the difference between case (a) and case (b) is most notabie for low J-values, 
these energy levels should be described most correctly. Consiclering the fact that for low J-values the 
X 2II state is in case (a), a choice fora calculation assuming case (a) has been made. A calculation on 
the basis of this assumption is sufficient for our purpose, because this assumption introduces an 
uncertainty of less than 5%. The equations used in the calculation will be described briefly. The 
computer code is given in Appendix 111. First, the Boltzmann equation is used, descrihing the ratio ·of 
the density n; in a specific state i compared to the total density n101 : 
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(3.26) 

with g; = 21;+ 1 the statistica! weight of the rotationallevel and E,. the vibrational energy term, as given 
in Eq. (3.4). Using Hund's case (a), the rotational energy Er is given by: 

Er= heF,,= hc(B,, J(J +I)- AA~), (3.27) 

with B,. given in Eq. (3.5). In case ofthe X2II state A=I and ~=V2 or-V2. The constants used herehave 
been obtained from23 and are given in Appendix liL For the Q1(Il.5) and Q1(14.5) transitions relative 
population densities oftypically 2-3% are obtained (with our computer code) for the typieal rotational 
temperatures observed. Finally, the total SiH density can be obtained by dividing the density per 
rotational state by its relative population density. This yields a density of SiH in the range of I 016 -I 017 

m·3 for the conditions investigated. 

3.3 Si-radical 

3.3.1 Spectroscopie information 

In this section, the spectroscopy for the atomie case of Si wil! be treated. This wilf be much 
shorter than the spectroscopie description for the molecular case of S iH. 

In the case that an atom has only one electron, e.g. H, the electrooie state ofthe atom can fully be 
characterized by descrihing the state of the electron in the field of the core ion. Th is electron state is 
described by the principle quanturn number n, and the quanturn numbers l and s, which indicate the 

radius of the electrooie orbital, the magnitude of the orbital angular momenturn Ï, and the spin of the 
electron s, respectively. Electron states with different n have widely differing energies. Groups of 
electrooie states with equal nare called K, L, M, ... shells, corresponding to the values n = I, 2, 3, ... 
Now l can take on the values l = 0, I, 2, ... , (n-I), which are designated s,p,d, .... The quanturn number 
s can take on the value V2 or -V2. 

In a many-electron system each electron i can at first be considered separately in the field of the 
core ion and the other electrons, keeping its quanturn numbers: n;, I; and s;. Then the electrooie state of 

the atom can now be characterized by the resultant orbital angular momenturn L and the resultant spin 

of the atom S : 

(3.28) 

where the magnitude of L and S are given by the quanturn numbers LandS, respectively. According 
to the values of L = 0, I, 2, 3, ... , the energy states of an atom are called S, P, D, F, ... terms, 
respectively. All states with the same L- and S-value form tagether a multiplet which has 2S+ 1 
components when L>S and 2L+ I components when L<SP. The number 2S+ 1 is called the multiplicity, 
even when L<S. 

The resultants L and S are the added to give the total angular momenturn ] of the electrans of 

the atom. The quanturn number J describes the magnitude of ] and can take on the values: 

J = (L + S),(L + S -I),(L + S- 2), ... ,1 L- S j. (3.29) 
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Finally, the full term type symbol for the electronic state of an atom can formally be introduced 
as: 

(3.30) 

Next, the particular case of the Si atom will be treated. For the ground state of Si the electron 
contiguration is KL(3s)2(3p)2

• Here KL(3si represent closed shells, which contain the maximum 
number of electrons. Forthese closed shells LandScan only be zero and a 1S0 term results. Therefore, 
in the derivation of the electronic contiguration symbols of Si no account needs to be taken of those 
closed shells. Now looking at the two p electrons (both having a value for I of 1 ), L can take on the 
values 0, 1 and 2, while Scan take on the values 0 and 1. This yields the terms S, P, and 0, which can 
have S=O (i.e., as singlets) and with S=1 (i.e., as triplets). This results in the possible terms 1S0, 

1 P~. 
10 2, 

3 S~. 3P0,1,2, and 30 1,2,3. However, the Pauli principle, stating that no two electrons can have the 
exact same set of quanturn numbers, must be taken into consideration. Then it is found for two non
equivalent p electrons only the terms 1 S0, 

10 2, and 3P0,1,2 are possible23 . In a similar way, the terms for 
the tirst excited state of Si KL(3s)2(3p)(4s) can be obtained. This results in the possible terms 1P1 and 
3
Po,l,2· 

An energy level diagram showing the ground states and the tirst excited states is given in Fig. 
3.11. The transitions that are possible between the ground states and tirst excited states are governed 
by the same selection rul es (Eqs. (3 .16) and (3.19)) as for the molecular case of SiH and will therefore 
not be repeated here. Only the allowed transitions, which are used for absorption measurements in this 
research, are shown in Fig. 3.11. The wavelengtil ofthe transition Si(4s 3P1 ~ 3i 3P2), Si(4s 3P0 ~ 
3i 3P1), Si(4s 3P1 ~ 3i 3P1), Si(4s 3P2 ~ 3i 3P2), Si(4s 3P1 ~ 3p2 3Po), and Si(4s 3P2 ~ 3i 3P1) is 
252.85 nm, 251.41 nm, 251.92 nm, 251.61 nm, 251.43 nm, and 250.69 nm, respectivel/7

• 

1So 1p1 302 3p2 3p1 3po 

4s 

4s 4s 4s - 1\ A - I 
251.6 252.91 \ 252.4 

250.7 i \ 
I ' 
I \ 
i \ - I \ 

\ 

3p2 251.9 \ 

-3p2 
251.4 

3p2 l 
3p2 3p2 

FIG. 3.11: Energy level diagram of Si showing only the ground stales andfirst excited states. On/y the 
transitions that are relevant for the experiments described in this report are shown. The 
numbers indicate the corresponding wavelength in nm for the specific transition37

• 
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3.3.2 ldentification of the Si radical and determination of the density 

To obtain a speetral identification of Si the transitions between the 3p3P tripletand the 4s3P triplet 
have been used. For each transition the laser has been scanned over the complete line. As in the case 
of SiH, a stepsize in the laser wavelengthof 5x10-4 nm was used to scan over the spectrum and for 
every wavelength the cavity ringdown time t has been measured with and without precursor flows. 

Underlying the Si adsorption peaks the braadband A 2A; ~X 2A1 spectrum of SiH3 (ranging from 
200-260 nm) has been observed (see discussion Sec. 3.1). From the agreement between the observed 
peak positions and the literature values the Si radical has been identified. 

Similar to the case of SiH, one or a few lines are scanned and the total Si density is determined 
from the density in this particular state and the relative population density of the state, which can be 
calculated from the kinetic gas temperature. 

To obtain the density of the specific state that is probed by using Eq. (3.25) the integrated 
absorption cross-section cri", of the specific peak is needed, similar to the case of SiH. Th is integrated 
absorption cross-sectionis related to the Einstein absorption coefficient Bik according to Eq. (3.23). In 
literature normally the emission coefficient Aki is given, which is related to Bik by 

(3.31) 

with Aki the wavelength of the transition between level k and i and gi the statistica! weight of level i. 
For the transitions Si(4s 3P1 f- 3/ 3P2), Si(4s 3P0 f- 3/ 3P1), Si(4s 3P1 f- 3/ 3P1), Si(4s 3P2 f- 3/ 
3P2), Si(4s 3P1 f- 3/ 3P0), and Si(4s 3P2 f- 3/ 3P1) the Einstein emission coefficientAki is 7.70x107 s-1

, 

1.81x108 s-1
, 4.60x107 s-1

, 1.64x108 s-1
, 6.10x107 s-1

, and 6.30x107 s-1
, respectivell7

• From these 
values of the Einstein emission coefficient, the integrated absorption cross-section for the specific 
transitions have been calculated. Similar to the case of SiH, the radial density distribution of Si is 
again assumed homogeneously within a diameter of 30 cm. From this, it can beseen from Eq. (3.25) 
that the density of the particular state that is probed can be directly obtained from the integrated 
absorption A;,11 • The latter can be retrieved directly from the measurement by determining the area 
under the absorption peak. 

The relative population densities of the various energy levels is calculated by assuming a 
Boltzmann distribution over the various energy levels. For the calculation of this Boltzmann 
distribution the electron temperature is needed. This electron temperature can be taken equal to the 
kinetic gas temperature and is thus also equal to the rotational temperature of SiH (see Sec. 3.2). The 
latter is typically 1500K and 1700K foranare current of 45 A and 75 A, respectively, and is roughly 
independent of the other plasma parameters. Using this procedure, the relative population density of 
the Iower states has been calculated, yielding 0.1278, 0.3560, 0.5158, 3.565·1 0-4, and 1.431·1 o-9 for the 
state 3P0, 

3P~, 3P2, 
1D2, and 1S0, respectivell6

• Now the total ground state Si density is obtained by 
dividing the density in the specific state by its relative population density, yielding a density of Si in 
the range of 1015-10 16 m-3 for the conditions investigated. 
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Chapter 4 

DENSITIES, KINETICS, AND CONTRIBUTIONS 

TO FILM GROWTH OF SIHx RADICALS 

In this chapter we will first consider the framework in which the work has been performed in Sec. 
4.1. From previous experiments it is concluded that there exists a direct correlation between the 
material properties of the deposited a-Si:H film and the reactive ion ie and atomie particles emanating 
from the cascaded are. Also, previously proposed dominant Si~ dissociation mechanisms, based on 
the different reactive species, will be discussed. On the basis ofthese SiH4 dissociation mechanisms, it 
is expected that for the plasma setting, where solar grade quality a-Si:H is obtained, mainly SiH3 is 
formed in this dissociation process. On the other hand, under certain conditions, where relatively poor 
film properties are obtained, the dissociation of SiH4 leads to "hard" radicals like SiH and Si. 
Therefore, in Sec. 4.2 SiH3, SiH and Si densities are measured using CRDS for various operating 
conditions of the are to confirm the expected presence of these plasma species. Then in Sec. 4.3, for 
the cases of SiH3, SiH, and Si, a kind of "case studies" are performed in order to identify and verify 
the production/destruction mechanism ofthe specific radicals. The chapter concludes with a "proof of 
principle" of the newly implemented time-resolved measurements. Therefore, in Sec. 4.4, a 
preliminary experiment is presented, which bas been performed to obtain the exponential decay of the 
SiK radical density during a RF afterglow. 

4.1 Previously proposed SiH4 dissociation scheme 
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FIG. 4.1: Deposition rate and AM1.5 photoeonduetivity (100 mW/em2
) for a-Si:Hfilms deposited at a 

substrate temperafure of 400 °C and with an Ar and SiH4 flow of 55 and JO sees, 
respeetively, an are eurrent of 45 A, and a ehamber pressure of0.20 mbar. The H2 jlow in 
the Ar-H2 operaled easeaded are plasma souree is varied. 

As we have seen in Chapter 1, the ETP technique is based on the dissociation of Si~ in a low 
pressure deposition chamber by means of an Ar-H2 plasma generated in a high-pressure cascaded are 
plasma source2

•
3

• Recently, it was shown that the film properties obtained by this technique depend 
strongly on the amount of H2 admixed in the Gascaded arc4

• Fig. 4.1 shows that the deposition rate 
decreases drastically when a smal! H2 flow is admixed, whereas the film quality, here only illustrated 
by the photoconductivity, improves significantly. 
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This behavior has been attributed to the dissociation processes of Si~ and the specific radicals 
generated. Due to the low electron temperature (0.1 - 0.3 eV) in the downstream deposition 
chamber2

·\ Si~ dissociation is governed by reactions with reactive ionic and atomie particles 
emanating from the cascaded are. At very low H2 flows (H2 ~ 2sccs) these are mainly Ar ions3 and this 
regime is denoted the "Ar+ dominated regime". For increasing H2 flows on the other hand the ions 
change from Ar ions to mainly H ions and the amount of ions from the cascaded are decreases 
considerably. For this situation atomie hydrogen becomes the dominant reactive species that emanates 
from the are. This regime (H2 :2:: 5sccs) will be called the "H dominated regime". The densities of the 
species coming from the are as a function of the H2 flow are shown in Fig. 4.2 for a pure Ar/H2 

plasma. 
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FIG. 4.2: The density ofthe reactive species emanatingfrom the are as ajunetion ofthe Hl}low3
. The 

densities refer to the position of the substrate. For increasing H2 jlows the ions change 
jrom solely Ar ions at 0 sccs H2jlow to mainly H ions at high H2jlows. 

Up to now, the Si~ dissociation process and the species contributing to film growth have been 
studied by several diagnostics, such as Langmuir probes, ion and threshold ionization mass 
spectrometry, optical emission spectroscopy, and surface reaction probability measurements2

•
3

•
5
-

8
• 

From the insight gained by these experiments two main reaction pathways for the dissociation of Si~ 
have been proposed for the two regimes2

• 

In the Ar+ dominated regime, i.e., at very low H2 flows, the Ar ions lead to dissociative charge 
transfer with Si~: 

Ar++ SiH4 ~SiH/ + pH2 + qH +Ar (n ~3, n + 2p + q=4). (4.1) 

This reaction with a total rate of 3.9xl0-17 m3s-• leads to SiH3+, SiH2+, SiW, and St with branching 
ratiosof 0.78, 0.12, 0.08, 0.02, respectively, at thermal ion energies35

•
38

• Because the flow of ions and 
electrons from the are is very high for a pure Ar operated source, these si1ane ions will almost 
immediately undergo dissociative recombination with electroos (reaction rate is 1.8x 1 0"13 m3s·• at 
Te=OJ eV35

): 

SiH"+ + e ~ SiHm + sH2 + rH (m ~ 2, n = m + 2s + r). (4.2) 

32 



Chapter 4. Densities, kinetics, and contributions to film growth of SiHx radicals 

This leads dominantly to SiH", (m~2) radicals which are highly reactive, both with the a-Si:H surface 
and with Si~ (presumably teading to reactive polysilane radicals, as will he addressed helow)2

•
7
• The 

branching ratios for this dissociative recombination reaction are however unknown and it is also 
unclear in which form the hydragen (H or H2) is split off. 

In the H dominated regime Si~ is mainly dissociated into SiH3 radicals by means of hydragen 
abstraction2

•
7

: 

(4.3) 

The rate for this reaction bas an activation energy of around 1925 K and a prefactor of around 
1.8x I o· 16 m3s-1 2

•
7

. In the case of abundant H another reaction can become significant. SiH3 can react 
with H to form SiH2, SiH, and Si in sequentia! H abstraction reactions, which are analogous to reaction 
(4.3), 

(4.4) 

. I . f2 10-17 3 -I " s·H 39 d s·H 35 F s·H I . . w1t 1 a react1on rate o x m s 10r 1 3 an 1 2 • or 1 t 1e same react10n rate 1s assumed. 
In this way "hard" radicals such as SiH2, SiH, and Si can still be formed, also in the case of the H 
dominated regime. However, unless there is an abundance of H atoms in comparison to Si~ 
molecules in the plasma, the sequentia! H abstraction reactions will not yield significant densities for 
the "hard" radicals. Th is abundance of H atoms will only be present for plasma settings with a H2 flow 
much higher than the SiH4 flow. 

As mentioned above, in the Ar+ dominated regime, the Si~ dissociation is governed by the 
efficient ion-induced reactions (4.1) and (4.2). This leadstoa very high SiH4 consumption (up to 60%) 
and deposition rate. The drastic decrease in deposition rate at low H2 flows can thus be understood 
from the fast diminishing importance of these efficient ion-induced reactions. The gradual increase of 
the deposition rate at higher H2 flows can be attributed to an increasing H flow from the cascaded are 
with increasing H2 flow. Ion-molecule reactions play also a role in the plasma, but the contribution of 
Si"H,/ ions to film growth is small (<10%) and almast independent ofthe H2 flow3. It is therefore nat 
responsible for the observed trend in film quality. On the basis of these arguments and the above
mentioned reactions, it bas been proposed that the improvement of the film properties with increasing 
H2 flow is directly related to the transition from a high contribution of very reactive (poly)silane 
radicals to a dominant contribution of SiH3 to film growth. Or, in other words, it seems that a high 
contribution of SiH3 to the film growth is needed to obtain high quality a-Si:H films. As mentioned 
above, the reaction scheme bas been proposed on the basis of several plasma diagnostic investigations. 
In the following two sections more evidence for these proposed reactions will be presented hy direct 
SiH3, SiH, and Si measurements using cavity ringdown spectroscopy. 

4.2 H2 flow series: SiH4 dissociation mechanisms tor various operating conditions of 
the are 

As addressed in the previous section, threshold ionization mass speetrometry (TIMS) 
measurements showed that for increasing H2 flow, i.e., going from the Ar+ dominated regime to the H 
dominated regime, the SiH3 density increases and hecomes the dominant plasma species. On the other 
hand, the SiH and Si density are expected to decrease for increasing H2 flow, which is basedon the 
proposed SiH4 dissociation mechanism and on emission spectroscopy measurements7

• These emission 
spectroscopy measurements showed a factor of -7 less production of SiH and Si at high H2 flows 
compared to low or no H2 flow. Here, this dependenee ofthe SiH3, SiH, and Si density on the H2 flow 
will be tested by SiHx density measurements as a function of the H2 flow. Also the contribution of 
these radicals to a-Si:H film growth will be discussed and a correlation with material properties will he 
made. 
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4.2.1 Density measurements 
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FIG. 4.3: The axial SiH3 density as obtained CRDS as ajunetion ojthe H2 jlow. The data refer toa 
SiH4 flow of 10 sccs and an are current of 45 A. The measurements are performed at a 
distance of 0. 6 cm from the substrate. 

In Fig. 4.3, the axial density of SiH3 as obtained by CROS is given as a function of the H2 flow for the 
position of 0.6 cm from the substrate. The local axial value of the density of SiH3 bas been obtained 
from the radial density distri bution of SiH3, as determined from the measured lateral absorption profile 
of SiH3 by applying the Abel inversion procedure (see Chapter 3). Although there is a considerable 
uncertainty in the absolute value of the density (introduced by the Abel inversion procedure), it bas to 
be stressed that the relative height of the values in Fig. 4.3 is reliable, as also indicated by the 
experimental error. In Fig. 4.3, it can be seen that for low H2 flo;ws the axial density of SiH3 starts 
relatively high, decreasing sharply for increasing H2 flow, whereas for high H2 flows the axial SiH3 

density increases gradually with increasing H2 flow. The axial SiH3 densities obtained from CROS 
show the same dependenee on the H2 flow as SiH3 density measurements, performed at the position of 
the substrate holder by threshold ionization mass spectrometry7 (not shown here ). Their absolute 
densities agree within a factor of 2-3. This is a reasonable agreement when consiclering that the 
densities are obtained at different axial positions and consiclering the inaccuracies introduced by the 
calibration procedures for both CROS and TIMS. Fora more explicit treatment ofthis subject see Ref. 
40. The increase in the SiH3 density at high H2 flows is expected from SiH3 production reaction (4.3) 
teading also to the increasing deposition rate in Fig. 4.1. The relatively high SiH3 density for low H2 
flowscan be understood from the very high Silit consumption7 (up to 60%) and growth rate. Under 
these conditions, a significant amount of SiH3 can be produced by H generated in reactions (4.1) and 
(4.2). This H can subsequently dissociate Silit by reaction (4.3) to produce SiH3. Therefore, it is 
concluded that for high H2 flows the magnitude of the SiH3 density can fully be explained by assuming 
that SiH3 is only produced by reaction (4.3), whereas for low H2 flows also a considerable contribution 
of reaction (4.3) is expected. More evidence for the production of SiH3 by H abstraction of Silit by H 
will be given in the next section by a study ofthe SiH3 density as a function ofthe Silit flow. 
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and Si(4s 3P0 ~ 3l 3P1) at ).=252.41 nm. The measurements have been performedfor the 
same conditions as in Fig. 4. 4. 

The density measurements of SiH and Si as a function of the H2 flow are given in Figs. 4.4 and 
4.5, respectively. For the case of SiH and Si, respectively, the density has been obtained from 2 and 3 
transitions and agrees within a factor of 2-3. It is important to note that the magnitude of the density 
of SiH and Si is about 2 and 3 orders lower than the SiH3 density. Furthermore, from Figs. 4.4 and 4.5, 
it can beseen that the density of SiH and Si show a roughly similar dependenee on the H2 flow. This 
roughly similar dependenee is in good agreement with the proposed Si~ dissociation mechanisms, 
from which it is expected that both radicals are generated by the same reaction mechanism. For this 
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reason the radicals will be treated simultaneously here. Both densities are higher at the Ar+ dominated 
regime compared to the H dominated regime, which can be understood from the higher ion flows 
emanating from the cascaded are. The latter leads to a higher SiH and Si production via reactions ( 4.1) 
and (4.2). The difference in absolute density between SiH and Si can possibly be attributed toa lower 
production rate of Si, which is determined by the branching ratios in reaction (4.2). Another possible 
explanation can be found in a toss reaction with Sil-lt. As concluded from literature and will be 
demonstrated in Sec. 4.3, such areaction is expected to be important both in the case of SiH and Si. In 
the case of SiH this reaction is: 

SiH + SiH4 -t Si 2H 5 • 

-t Si 2H3 + H 2 

(4.5) 

with a reaction rate of -5x 1 o·17 m3s·1 for the pressure of 0.2 mbar in the downstream plasma41
• For 

these low pressures the reaction rate appears to be constant41
• It is therefore expected that mainly the 

hydrogen deficient Si2H3 radical is produced, because for this reaction no collisional stabilization is 
needed. In the case of Si a similar toss mechanism is expected: 

(4.6) 

with areaction rate of -3.5xl0-16 m3s·1
, which is pressure independent for the pressures of interest42

• 

The lower density of Si compared to SiH could be a consequence of the difference in reaction rate of 
reactions ( 4.5) and ( 4.6). For H2 flows above 10 sccs there appears to be a slight increase in the density 
for Si and perhaps also for SiH. Although this increase is within the experimental error, it could be 
explained by the sequential H abstraction reactions (Eq. (4.4)), forming SiH and Si. That is, the 
probability for these reactions increases for increasing H2 flows. More evidence for the production of 
Si and SiH by the sequentia! radical-radical reactions for the H dominated regime will be given in the 
next section by a study ofthe Si density as a fucntion ofthe Sil-lt flow . .. 

4.2.2 The contribution of SiHx radicals to a-Si:H film growth 

So far the densities of the radicals in the plasma have been treated, which have been measured at 
some distance from the substrate. To relate these densities with the material properties ofthe deposited 
a-Si:H film, it is necessary to consider the contribution of these radicals to the growth of the a-Si:H 
film. The definition "the contribution to film growth", which is used here for the SiHx radicals, is a 
measure of the percentage of Si atoms within the deposited film that originate from the specific 
radical. This contribution can be obtained from the density n of the radicals by using the following 
expression43

: 

Contribution to film growth=-}nv _ s / 
1 

1 f3 2 Ns; Rdep 
(4.7) 

where v is the thermal velocity of SiH3 in front of the substrate, s and J3 the sticking and surface 
reaction probability, respectively, ~ep the deposition rate, and Ns; the Si atomie density in the film 
( dependent on plasma conditions). __ 

Eq. (4.7) has been applied to obtain the contribution of SiH and Si to film growth and this 
contribution is given as a function ofthe H2 flow in Fig. 4.6. lt shows that SiH and Si have only a very 
minor contribution of -2% and -0.2 %, respectively, roughly independent on the H2 flow. From the 
error bars in Fig. 4.6 it is clear that the contribution of both SiH and Si has notbeen established within 
a factor 3. This uncertainty in the contribution is caused by an uncertainty in the various input 
parameters of Eq. (4.7). The deposition rate R.J.,p and the Si atomie density in the film Ns; can be 
determined rather wel!. However, as seen in the previous section, the density of SiH and Si is not 
known within a factor of 2. Also, the thermal velocity of the radical depends strongly on the 
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temperature, which is expected to he in the range of 700 K (the suhstrate temperature) and 1400 K 
(deduced from rotational temperature measurements of SiH). Furthermore, the sticking and surface 
reaction prohability are assumed to be s=~0.95 and s=~l for the case of SiH44

•
45 and Si43

•
46

, 

respectively. lt is also assumed that the values of s, j3, and vare independent ofthe H2 flow. Before the 
trend in the contribution of SiH and Si to film growth wiJl he discussed, first the contrihution to the 
film growth is treated for the case of SiH3 . 
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FIG. 4.6: The contribution of SiH and Si to the growth as a function of the H2 flow for plasma 
settings that are equal to those in Figs. 4. 3 to 4. 5. 

Eq. (4.7) has been applied to obtain the contribution of SiH3 to film growth for the plasma 
setting with 10 sccs SiH4 and 10 sccs H2. Then, the SiH3 density of 4-8x10 18 m·3

, which is obtained 
under these conditions, can explain the a-Si:H deposition rate of ~ 7 nm/s for these conditions. 
Therefore, compared to the cases of SiH and Si for which the contribution to film growth is low 
anyway, for the case of SiH3 it is very important to obtain the contribution to film growth with a 
higher accuracy. However, the contribution of SiH3 to film growth can not be obtained within a factor 
of 4 due to the uncertainties intheinput parameters ofEq. (4.7). The absolute scale ofthe SiH3 density 
nsiHJ close to the substrate is not known within a factor of 2, the thermal velocity is again expected to 
be between 700 K and 1400 K and the val u es for j3 and s are not known a factor of 2. 

For this reason, here another method is used to calculate the absolute contribution of SiH3 • The 
reasoning behind this method, which is unfortunately not generally applicable, is as follows. At high 
H2 flows (>5 sccs) mainly H emanates from the are as reactive species. From this, it is very plausible 
that the increase in deposition rate between 10 and 15 sccs H2 in Fig. 4.1 is caused h~ an increase of 
the H flow and consequently by an increase in the SiH3 production by reaction (4.3) (see Fig. 4.3). 
The increase in SiH3 production is observed in both the TIMS and CROS density measurements, 
which both show an increase in the SiH3 density for increasing H2 flow. The relative increase in the 
SiH3 density, i.e., is the increase in absolute density divided hy the absolute density, is equal within the 
accuracy for bath diagnostic techniques. On the basis of the above reasoning, it can be assumed that 
the relative increase in TIMS and CROS signal can be related directly to the relative increase in 
deposition rate Rdep: 

b First, it has to be mentioned that the ion flow from the are is very smalland decreases with H2 flow3
• Second, 

the probability that SiH3 is converted into SiH2 by sequentia! H abstraction reactions (4.4) increases at high H2 

flow. However, this second order effect is relatively small and it is not expected that it affects the increase in 
SiH3 denisty for increasing H2 flow significantly. 
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nsiH3 = Rdep 

llns;H3 Mdep 
(4.8) 

With this equation the absolute contri bution of SiH3 can be calculated with a much higher accuracy, as 
no information about absolute densities is required. 1t only needs to be assumed that v, s, and J3 are 
independent of the H2 flow, which is an assumption that would be needed as well when applying Eq. 
(4.7). Furthermore, it is important to note that the latter metbod would yield the same relative 
dependenee of the SiH3 contribution on the H2 flow, as would be obtained using Eq. (4.7). The 
uncertainty in the contribution is now mainly determined by the reproducibility of the plasma 
conditions since the CRDS, TIMS, and deposition rate measurements have been performed at different 
times. 
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FIG. 4.7: The contribution of SiH3 to a-Si:H film growth as calculated from the CRDS and TIMS 
measurementsfor plasma settings equal to those in Figs. 4.2.3 to 4.2.6 

In Fig. 4.7, the contribution of SiH3 to film growth obtained by using Eq. (4.8) is shown as a 
function ofthe H2 flow. At low H2 flow the contribution of SiH3 is relatively low. The contribution of 
SiH3 increases with increasing H2 flow and saturates to approximately 90% for flows larger than ~7.5 
sccs, where H is by far the dominant reactive species from the plasma source. This behavior is thus in 
good agreement with the proposed reaction scheme for Si!-4 dissociation. For increasing H2 flow, the 
ion flow emanating from the cascaded are decreases, whereas the H flow increases. This yields an 
increasing production of SiH3 by the H abstraction reaction of Sil-4 by H (reaction (4.3)) for increasing 
H2 flow. The fact that a contribution of 90% is observed for high H2 flows is in agreement with the 
assumed direct relation between the increase of deposition rate and the increase in SiH3 density (Eq. 
(4.8)), which was used to obtain the contribution. This 90% contribution of SiH3 at high H2 flows, 
where the optimum film properties are obtained, is in good agreement with the commonly accepted 
beneficia! influence of SiH3 on the a-Si:H film properties. Furthermore, this value of 90 % is also in 
balance with a small contribution of ether (poly)silane radicals and ions. Also, this high contribution 
ofSiH3 is in good agreement with the value for the overall surface reaction probability (~0.3) obtained 
under the same conditions7

• 

Two ether important condusion can be drawn. First, the contri bution of SiH3 in the ETP is higher 
than the reported contribution ofSiH3 to a-Si:H growth in low power rfplasmas43

'
47

. Second, from Fig. 
4. 7 it can be seen that at low H2 flows there needs to be an important contribution of radicals ether 
than SiH3, because i ons have a contribution of less then 10 % independent of the H2 tlow3

•
4

• On the 
basis of the reaction scheme, a first guess would be the SiHx (~) radicals, which will be addressed 
now. 
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From Fig. 4.6, it is seen that SiH and Si have only a very minor contribution to film growth of -2 
% and --0.2 %, respectively. Moreover, the contributions are both almost H2 flow independent with 
only at 0 sccs H2 a slight increase in contri bution of SiH and Si. Therefore, the important contribution 
of radicals other than SiH3 at low H2 flowscan not be attributed to the SiHx (:xs2) radicals, such as SiH 
and Si. For the H dominated regime, where the film growth is dominated by SiH3, such a minor 
contribution of SiH and Si has been expected. However, for low H2 flows and thus high Ar+ flow an 
increase in the production of SiH and Si by the ion-induced reactions (4.1) and (4.2) is expected. 
Furthermore, this increase is also indicated by optica! emission spectroscopy data7

, where it is seen 
that a factor of -7 more SiH and Si is produced at low H2 flows. This decrease in SiH and Si 
production by reactions (4.1) and (4.2) for increasing H2 flow is not expected to be compensated by 
the increasing importance of the sequential radical-radical reactions ( 4.4), because these reactions are 
expected to be much less effective in producing SiH and Si. Therefore, it is argued that the production 
of SiH and Si is much higher for low H2 flows than at high H2 tlows and that the weak H2 flow 
dependenee of the Si and SiH contribution can be attributed to a relatively high toss rate of these 
radicals is at low H2 tlows. 

As wil! be shown in the next section, this loss rate for SiH is probably caused by reaction of SiH 
with Si~, reaction ( 4.5). Th is loss mechanism is probably even more important for Si than for SiH, 
because reaction ( 4.6) has a higher rate than reaction ( 4.5). As already mentioned, the contri bution of 
Si and SiH cannot compensate for the decreasing contribution of SiH3 with decreasing H2 flows in the 
are. Therefore, this decrease in contribution of SiH3 has to be compensated by other neutral species. 
Possible candidates forthese neutral species are reactive, hydragen deficient disilane radicals48

, which 
can be created from the Si, SiH and also SiH2 radicals by, for example, reaction ( 4.5) and ( 4.6). A 
relatively large contribution of very reactive radicals at very low H2 tlows has also been indicated by 
overall surface reaction probability measurements7

•
8

• 

In conclusion, it is argued that these reactive, hydragen deficient disilane radicals lead to 
colurnnar film growth with a high surface roughness and high film porositl and are therefore a 
plausible reason for the relatively poor film properties obtained at very low H2 flows. At high H2 flows 
on the other hand, a large contri bution of a species with a low sticking probability has been observed7

•
8 

in agreement with the dominanee of SiH3• This SiH3 is expected to be beneficial for a-Si:H film 
growth46

.49
, which correlates nicely with the good a-Si:H film properties obtained at high H2 flows. 

4.3 Productionfloss mechanisms of the SiH3, SiH, and Si radical 

In the previous section, density measurements as a function of the H2 flow we re discussed. There 
we have seen that the plasma chemistry changed completely, when going from a low to a high H2 
flow. From these measurements more insight in the relative importance of the various radicals in the 
plasma could be gained. A lso, the observed trends in the dependenee of the radical density on the H2 
flow could be explained by the proposed reaction mechanisrns. To gain betterand more confirrnation 
of these proposed reaction mechanisrns, in this section for the case of SiH3, SiH, and Si a kind of case 
study is perforrned to identify and verify the expected productionfloss rnechanism of each of these 
radicals. The case studies are based on radical density rneasurements as a function of the Si~ flow. 
The Si~ flow is chosen as the variabie for these measurements, because the SiH4 is injected in the 
injection ring behind the outlet of the are. Therefore, it has no influence on the plasma ernanating frorn 
the are and the Si~ dissociation mechanism is in first order not influenced by the variation ofthe Si~ 
flow. This means that these case studies are an effective way of searching for the influence of the 
specific reactions and thus for the underlying reaction mechanisms. 

In the first study (Sec. 4.3 .1) a closer look is taken at the production rnechanisrn of SiH3, which is 
expected to be produced by H abstraction of Si~ by H (reaction (4.3)). The study is perforrned as a 
function of the Si~ flow at a H2 flow of 10 sccs, for which it is expected that reaction (4.3) is the 
dominant Si~ dissociation reaction. Furtherrnore, a comparison is made with two-dimensional, 
axisyrnmetric simulations performed with the commercially available fluid dynamics software 
PHOENICS CVD. 
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The second study (Sec. 4.3.2) deals with productionfloss mechanism of SiHx (xQ) radicals, 
which are expected to be produced mainly by dissociative charge exchange with SiHt (reaction ( 4.1 )) 
foliowed by (fast) dissociative recombination with electrans (reaction (4.2)). The study has been 
performed on the SiH radical for conditions with a pure Ar operated plasma source, because reactions 
(4.1) and (4.2) are expected to be most important for a pure argon plasma. The SiH density is 
measured for varying Si~ flows and at four different are currents, i.e., four different Ar+ flows 
emanating from the are. The observed trends in the SiH density are compared with expectations based 
on reactions ( 4.1) and ( 4.2) and with simp Ie one-dimensional simulations. 

The last case study (Sec. 4.3.3) is performed on the sequentia! H abstraction reactions ( 4.4) 
forming SiHx (x~2) radicals. These become important when there is an abundance of H. Th is study has 
therefore been performed on the Si radical at a H2 flow of 10 sccs and for varying SiH4 flows. 

Finally in Sec. 4.3.4 some additional results are discussed, which are worth mentioning but are 
not directly related to one of these three case studies. 

4.3.1 SiH3 production by means of H abstraction of SiH4 by H 
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FIG. 4.8: The absorption A(y=O) by SiH3 as a function of the SiH4 flow for three positions from the 
substrate holder (I 1, 3.6, and 0.6 cm). The H2 jlow is JO sccs and the are current is 45A. As 
the right axis, the axial (r = 0) SiH3 density is given for the position of 3. 6 cm from the 
substrate holder (for the de terminalion of the axial density see Sec. 3.1). 

In Fig. 4.8, the absorption by SiH3 is given as a function of the Si~ flow for three different axial 
positions, 11, 3.6, and 0.6 cm from the substrate bolder. The experimental uncertainty in the 
measurements is less than 15%, as estimated from the reproducibility. In Fig. 4.8, it can be seen that 
for low Si~ flows, a sharp increase in the SiH3 density is observed for increasing Si~ flow, whereas 
for higher SiHt flows, this increase in the SiH3 density flattens off. The trend and the absolute 
magnitude of the absorption are roughly the same for the three positions, although the absorption at 11 
cm from the substrate holder is slightly lower than for the other two positions. The trend of the 
absorption for increasing SiHt flow is furthermore similar to the one observed in the SiH3 density as 
determined by threshold ionization mass spectrometry7 (nat shown here). On the right axis of Fig. 4.8, 
also the axial (r = 0) SiH3 density is given for the position of 3.6 cm from the substrate bolder. As has 
been mentioned in Sec. 3.1, it should be kept in mind that the radial distribution, and thus the axial 
density, is very sensitive to the fit of the lateral profile and to errors in the absorption values. This 
complicates a conclusive interpretation on the exact local SiH3 density. For the other axial positions, 
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no information on the radial distribution of SiH3 is available, but it is expected that the scale at the 
right axis of Fig. 4.8 gives a rough indication ofthe magnitude ofthe axial density at these positions. 

As we have seen in the previous section, SiH3 is expected to be formed by H abstraction of Si~ 
by H (reaction (4.3)). From this reaction, it is expected that for low Si~ flows the SiH3 density will 
increase approximately linear with increasing Si~ flow, because at low Si~ flows the H density is 
abundant and the SiH3 production by reaction ( 4.3) is only limited by the Si~ density. For increasing 
SiH4 flow, the flow of H from the souree is expected to gradually become the limiting factor for the 
SiH3 production by reaction (4.3). This would yield a saturation in the SiH3 for increasing Si~ flow. 
This predicted behavior is roughly observed in Fig. 4.8, although the saturation is less clear than 
expected. Therefore, we have tried to gain more confirmation in the SiH3 production mechanism by 
camparing the SiH3 density measurements with simulations. 

--- 12 
(/) 

~ 10 
0. 

;;-.. 
8 I 

0 
"'r"" 

x 6 ...__ 

l l l 1 î i I • ~ î l • ï • 
~ t. •• c 

0 4 ........ 
0. 
'-
0 2 
(/) 

..0 
CU 0 

• 2 2 • .Çi 
• 11 cm tg ... 3.6cm 

• 0.6cm 

• 0 exp. 11 cm 

0 5 10 15 20 25 
SiH4 flow (sccs) 

FIG. 4.9: The absorptions by SiH3 at 11, 3.6, and 0.6 cmfrom the substrate holder as calculatedfrom 
two-dimensional axisymmetric simulations performed with the fluid dynamics software 
PHOENICS-CVD. The plasma settings are taken equal to those in Fig. 4.8. The 
experimentally obtained absorptions at 11 cm from the substrate holder (see Fig. 4.8) are 
given jor comparison. 

Two-dimensional axisymmetric simulations have been performed by the fluid dynamics software 
PHOENICS-CVD29 for different Si~ flows and a H2 flow of 10 sccs and an are current of 45A. In the 
model, only the (supposedly) basic gas phase and surface processes for the case of the H dominated 
regime are taken into account. It is assumed that H is the only reactive species emanating from the Ar
H2 operated plasma souree and that reaction ( 4.3) is the only SiH4 dissociation process. No ion and 
electron processes are taken into account, reducing it basically to a hot, reactive gas model. As can be 
concluded from the Si~ dissociation scheme for high H2 flows presented in Sec. 4.2, this seems a 
fairly reasanabie approximation, especially concerning the production of SiH3. The model is treated in 
more detail in Ref. 24. To avoid the uncertainty in the absolute SiH3 density that is introduced by the 
Abel inversion, the lateral SiH3 absorption measurements are compared with the "absorptions", 
calculated from the simulated radial density distribution. In Fig. 4.9, the calculated absorptions at 11, 
3.6 and 0.6 cm are given as a function of the Si~ flow at 10 sccs H2. The experimental values at 11 
cm are given for comparison. The calculated absorption at 11 cm is smaller than at positions closer to 
the substrate holder, whereas the absorption at 3.6 and 0.6 cm are nearly identical. This is in fairly 
good agreement with the experiments (See Fig. 4.8) and it shows that especially between 11 and 3.6 
cm there is still a considerable production of SiH3 by reaction ( 4.3 ). The dependenee of the absorption 
on the Si~ flow is also in rough agreement, although at low Si~ flows the calculated absorption 
shows a significant steeper increase with Si~ flow teading to higher values at low Si~ flows. From 
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this agreement between the measurements as function of the Si~ flow at three different axial 
positions with the simulations, in which only reaction ( 4.3) has been incorporated as a production 
reaction of SiH3, it can be concluded that the H abstraction reaction of Si~ has been identified and 
verified to be the main production channel of SiH3. 

Furtherrnore, the simulated values show a clear saturation at high Si~ flows, while for the 
experiments this behavior is less apparent. In the simulations, the saturation is due to the fact that 
almost all H is consumed by reaction (4.3) at high SiH4 flows24

• Therefore, it is also plausible that the 
same effect causes the SiH3 density in Fig. 4.8 to flatten off for high Si~ flows. Apart from perhaps 
some other marginal phenomena (e.g., ion-molecule reactions6

), this means that for the "optimized 
conditions" the SiH4 consumption and SiH3 production in the ETP technique is limited by the amount 
ofH available. 

4.3.2 Production and loss mechanisms of SiH 
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FIG. 4.10: The SiH density, as measured.from the Q1(11.5) transition, for different are currents and as 
a function of the SiH.I}low. The Ar and H2 flow are 55 and 0 sccs, respectively. The solid 
lines represent simulations of the SiH density, which are performed with a simple plug 
down model. 

In order to obtain clear insight in the production and loss mechanisms of SiH, and also of SiH2 

and Si as will be discussed below, a well-defined investigation ofthe SiH density has been perforrned 
as a function of the SiH4 flow. This investigation has been perforrned for conditions with a pure Ar 
operated plasma source. From the proposed Si~ dissociation scheme (see Sec. 4.1 and 4.2) it is 
expected that SiH is mainly created by ion-induced reactions rather than from sequentia! H abstraction 
reactions (4.4). This investigation has therefore been perforrned for different are current settings, 
which basically yield different flows of i ons from the plasma source2

• 

In Fig. 4.10, the measured SiH density values are shown as a function ofthe Si~ flow for 45 and 
75 A are currents. Furtherrnore, for 30 A and 66 A the SiH density is given at 5 sccs and 7.5 sccs Si~. 
The Ar+ flow can be estimated at ~2.5 sccs and ~ 7.2 sccs for 45 A and 75 A, respectively, on the basis 
ofLangmuir probe measurements (the ionflowsin Ref. 2 are overestimated by 30-40%i. The trends 
in the SiH density in Fig. 4.10 confirrn the production and loss mechanisms of SiH, which have been 
proposed in Sec. 4.1 and which also agree with the experimentsin Sec. 4.2. Wetried to gain betterand 
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more quantitative confirmation by comparison of the measurements with a simple plug down model 
obtained with the software package Maple, similar to the roodels described in Refs. 6, 10, and 50. In 
the quasi one dimensional model, several reactions are taken into account for an axial flow of Ar+ and 
SiHt from the are outlet and injection ring towards the substrate bolder. These reactions are 
summarized in Table 4.1. At the substrate bolder, the species either deposit or disappear into the 
background. Based on experimental observations, the axial velocity is set to decrease with increasing 
distance from the plasma source. The velocity is -800 m/s at the position of the SiHt injection ring and 
-100 m/s at the position of the CROS measurements (3.6 cm from substrate bolder). Furthermore, 
expansion of the beam in radial direction is taken into account. In Fig. 4.1 0, the simulated SiH 
densities are shown and apparently the production and loss of SiH can be understood from the 
reactions in Table 4.1. The observed dependenee of the SiH density on the SiHt flow in Fig. 4.10 will 
be discussed on the basis of these reactions. 

TABLE 4.1: The reaelions that are included in the simple one-dimensional plug down model. For 
each re action the fiterafure value of the re action rate is given logether with the value of 
the reaction rate that has been used in the simulation. 

Reaction 

Ar+ +SiH 4 --+ SiH"+ + pH 2 +qH +Ar (n ;<O; 3, n+2p +q = 4) 

SiH"+ + e--+ SiH 111 + sH 2 + rH (m.::;; 2, n = m + 2s + r) 

SiH + SiH4 --+ Si 2H 5 * 

--+ Si 2H 3 + H2 

SiH+Ar+ -+Si+ +H+Ar 

Ar+ + H 2 --+ ArH+ + H 

ArH+ +e--+ Ar+ H 

Reaction rates (m s· ) Eq. no. 
Literature value Input parameter 

3.9x10- 17 (a) 1x10-16 ( 4.1) 

1.8x10- 13 (b) 1.8x 1 0" 13 (4.2) 

~5x I o- 17 !351 1 x 10" 16 (4.5) 

~10·15 (c) 1 x 10" 15 (4.9) 
l.lxl0-15 [51] 5xl0·16 (4.10) 

1.8x 10-13 [35] 1.8x 10"13 ( 4.11) 

a) Branching ratios at thennal ion energies are 0. 78, 0.12, 0.08, and 0.02 for SiH3 , SiH2 , SiH , and Si , respectively 
b) The branching ratios are unknown and it is also unclear in which form the hydrogen (Hor H2) is split ofe5

• 

c) Estimated Langevin reaction rate35
. 

First, the ion-induced reactions ( 4.1) and ( 4.2) are considered, because these two reactions 
account for the whole production of SiH. Because the dissociative recombination with electroos 
(reaction 4.2) is relatively fast, the production of SiH is mainly determined by the dissociative charge 
transfer reaction ( 4.1) and thus depends directly on the Ar+ density. Although somewhat obscured by 
the Ioss mechanism of SiH (see below), this relationship between the production of SiH and the Ar+ 
density can clearly be observed in Fig. 4.10, because the maximum in SiH density is higher for 75 A 
than for 45 A. 

For both 45 A and 75 A a similar dependenee of the SiH density on the SiH4 flow is observed. 
For increasing SiH4 the SiH density increases up till a maximum, after which the SiH density starts 
decreasing. 1t is obvious that this can not be explained solely by the production reactions ( 4.1) and 
(4.2). These production reactions must be balanced by a loss mechanism for SiH, which could be one 
or more destruction reactions. 

One likely candidate could be the reaction between SiH and SiH4 (4.5), which we already have 
encountered in Sec. 4.2 to be a possible loss reaction of SiH. For high SiHt flows, the production of 
SiH by reactions ( 4.1) and ( 4.2) saturates for increasing SiHt flow. On the other hand, the loss of SiH 
by reaction (4.5) continues to increase for increasing SiHt flow. Therefore, the combination of this 
production and loss mechanism of SiH can explain the observed maximum in the SiH density for 
increasing SiHt flow. 

Another reaction that can have an important contribution to the destruction of SiH is the 
dissociative charge transfer between Ar+ and SiH (reaction (4.9)), which has a high reaction rate. 
Because reaction (4.2) leads to a strong reduction in the ion and electron density, reaction (4.9) is 
probably only important for conditions with Ar+ flows that are high compared to the SiHt flows. This 
means that no influence of this reaction is expected for high SiH4 flow and therefore the above-
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mentioned argumentation for high Si~ flow still holds. For low SiH4 flows however, this means a 
greater influence of the destruction reaction (4.9) is expected for 75 A than for 45 A. This can 
therefore explain the lower onset ofthe SiH density for the case of75A as observed in Fig. 4.10. 

Furthermore, due to the production ofH2 in the Si~ dissociation process, also a charge exchange 
reaction between Ar+ and H2 forming ArW (reaction 4.1 0) has been incorporated in the model. The 
created ArW can subsequently recombine with electrans (reaction 4.11)52

• Th is leads to an additional 
reduction of the ion and electron density and competes with reactions ( 4.1) and ( 4.2). 

From comparison of the experimental data points with the simulations (see Fig. 4.1 0), it can be 
concluded that the reactions in Table 4.1 can explain the total behavior of the SiH density, including 
the experimental points at 30 A and 60 A. The agreement with experiment is obtained by realistic 
input parameters in the model. The ion flows of2.5 sccs and 7.5 sccs for 45 A and 75 A, respectively, 
are in good agreement with the above-mentioned experimental values of 2.5 sccs and 7.2 sccs. 
Furthermore, from Table 4.1 it can be seen that the reaction rates in the model agree with the literature 
values within a factor of 2-3. Consiclering the assumptions in the model, this is a fairly good 
agreement. Some difference might also be expected from the fact that the gas temperature in the ETP 
technique is significantly higher than the temperatures for which the reaction rates have been 
determined (typically between 300 and 500 K). The agreement in absolute density is obtained by 
adjusting the (unknown) branching ratios for the recombination reactions of SiH/ (reaction (4.2)). 
From the agreement of experiments with simulations, it can be concluded that the production and loss 
of SiH can be understood from the proposed reaction scheme. 

As can be seen in Fig. 4.1 0, the SiH density is significantly affected by the reaction of SiH with 
SiH4 (reaction ( 4.5)). Th is influence of reaction ( 4.5) seems at first sight relatively large compared to 
the influence of the ion-induced re action ( 4.1) and ( 4.2). Th is can be explained from the model, when 
taking into account that the SiH measurements are performed at a position of3.6 cm from the substrate 
bolder. It is expected that at a position close to the SiH4 injection ring a strong recombination of the 
ions will take place until the ion and electron density have sufficiently been reduced3

. This means that 
reactions ( 4.1) and ( 4.2) are mainly important close to the injection ring and that mainly at this 
position a substantial amount of SiH is produced. On the other hand, SiH can react with SiH4 for a 
much longer distance (from the position close to the substrate, where it is produced, up to the position 
of the substrate). lt also has to be taken into account that the velocity at the position of the SiH4 

• · injection ring is -800 m/s, whereas it is -100 m/s at the position of the CRDS measurements (3 .6 cm 
from substrate holder). Th is means that the time, in which reaction ( 4.5) is important, is relatively 
large compared to the time, in which reactions ( 4.1) and ( 4.2) are important. Therefore, a relatively 
large influence of reaction ( 4.5) on the SiH density is observed. 

This concludes the case of SiH. We expect that the production and loss of SiH2 and Si in the 
expanding thermal plasma is governed by similar reactions as for SiH40

. The reason is that SiH2 and 
Si, contrary to SiH3, can also be created by the dissociative recombination reaction of SiH/, x:o;;3 with 
electrons (reaction (4.2)). Furthermore, SiH2 and Si are known to be rather reactive with SiH4 

( camparabie to SiH)35
.4

2 and about the same Langevin reaction rate is estimated fortheir reaction with 
Ar+ as for the case of SiH. 

4.3.3 Sequentia! H abstraction reactions forming SiHx (x:s:2) radicals 

In this case study we concentrate on the production of SiHx (x:o;;2) radicals in the H dominated 
regime. Because the ion density is very small for high H2 flow (see Fig. 4.2), it is not expected that a 
significant amount of SiHx (x:o;;2) radicals will be produced by dissociative charge exchange with Si~ 
foliowed by (fast) dissociative recombination with electrons. On the other hand, for a H2 flow that is 
high compared to the Si~ flow, there is a large abundance of H atoms and the sequentia) H 
abstraction reactions ( 4.4) may become a significant production channel for SiH2, SiH and Si. In that 
case, it can be expected that for a constant H2 flow an increase in the SiHx (x::;;2) density will be 
observed for decreasing Si~ flow. This is, because for decreasing Si~ flow, the abundance of H 
increases and this increasing amount of H can react in the proposed sequential H abstraction reactions 
to form an increasing amount of SiH2, SiH and Si radicals. To test this theory the Si density bas been 
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measured as a function of the Sil-Lt flow for a H2 flow of 10 sccs and is given in Fig. 4.11. The 
predicted trend of an increase in the Si density for decreasing SiH4 flow is clearly observed. This at 
least indicates that for high H2 flows Si is not primarily produced in a direct reaction with Sil-Lt. 
Moreover, it makes it more plausible that for the H dominated regime a significant amount of SiH2, 

SiH, and Si is produced by the sequentia) H abstraction reactions (4.4). However, to conclusively 
verify that SiH2, SiH and Si are produced by reactions (4.4) for high H2 flows SiH and SiH2 density 
measurements as a function of the SiH4 should be performed. The trend in Fig. 4.11 should be 
observed even more clearly for the case of SiH and SiH2• 
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FIG. 4.11: The Si density, as measuredfrom the Si(4s 3P1 f- 3/ 3PJ) transition at :1.=250.69 nm, as a 
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4.3.4 Additional results 
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The rotational temperatures of the SiH radicals, which have been deduced from the SiH 
measurements, are shown in Fig. 4.12. As we have seen in Sec. 3.2 the rotational temperature of 
ground state species can be taken equal to the kinetic gas temperature. From this it is obvious that the 
gas temperature (at 3.6 cm from the substrate holder) is relatively high in the ETP technique. The 
temperature of typically 1500 K is in good agreement with other temperature measurements5354. No 
significant dependenee of the temperature on the Si~ flow has been observed, but it appears that the 
gas temperature is slightly higher at higher are currents and thus higher plasma powers. At a position 
of 0.5 cm from the substrate two extra measurements have been gerformed, which are not shown in 
Fig. 4.12. The first measurement (are current of 66 A, Si~ flow 2 sccs, Ar flow 55 sccs and no H2 

flow) yields a rotational temperature of 1350±150 K. The second measurement (are current of 45 A, 
SiH4 flow 2 sccs, Ar flow 55 sccs and no H2 flow) yields a rotational temperature of 1400±150 K. 
Although this decrease is expected from the fact that the temperature of the substrate holder is 
maintained at -700 K, these temperatures are still relatively high compared to this substrate 
temperature. 

At a position of 0.5 cm of the substrate holder, the density of SiH has been measured for a SiH4 

flow of 5 sccs, H2 flow of 0 sccs, Ar flow of 5 sccs for three different are currents. These 
measurements yield a SiH density of (3.3±0.3)x1017 m·3 for 45 A, (1.8±0.4)x1017 m·3 for 35 A, and 
(1.2±0.4)x1017 m·3 for 25 A. From a comparison of these densities with the densities obtained for 
equal plasma settings at a position of 3.6 cm of the substrate holder (see Fig. 4.1 0), it is seen that the 
densities are equal within the experimental error. This is at first sight surprising, because for a 
deposition process govern by diffusion a lower density is expected close to the substrate, especially for 
a sticking probability of SiH of nearly 1. However, an explanation can be found in the way the density 
of SiH is determined. With CROS line-integrated absorptions are measured and in order todetermine 
the axial SiH density, the radial density profile is neerled (see Secs. 2.1 and 3.1.3). The radial density 
profile of SiH at a position of 0.5 cm of the substrate holder has been taken equal to the radial density 
profile at 3.6 cm of the substrate holder. However, because the plasma flows around the substrate 
holder, the radial density profile of SiH is expected to become wider for decreasing distance to the 
substrate. If that is the case then the SiH densities given here are too high. Therefore, in order to 
present a conclusive explanation of the density values observed, first a radial profile of SiH should be 
obtained at the position of 0.5 cm of the substrate holder. Due to practical limitations this is not 
possible at the present time. In the future however, with the use of an improved design of the mirror 
holders, these measurements will be done. 

4.4 "Proof of principle" of the time-resolved measurements 

In this section, some preliminary measurements are presented that demonstrate that the feasibility 
of the experimental procedure of the newly implemented time-resolved measurements. Because the 
PhyDAS system could not be used for these measurements (see Sec. 2.3), the same Tektronix 
TDS340a oscilloscope is used that has also been used in the steady state density measurements. 

A key part of the time-resolved measurement is the modulation in time of the density of the 
species that we want to measure. In our setup a pulsed RF signa! is applied to the substrate in addition 
to the regular operating expanding thermal plasma. The RF power is expected to generate additional 
plasma in the neighbourhood ofthe substrate holderand thus also an additional SiHx radical density. 

To test this, the SiH density has been measured at an axial position of 0.5 cm from the substrate 
holder for three different are currents as a function of the steady state RF power that is supplied to the 
substrate holder. The measurements have been performed with 2 sccs SiH4, 10 sccs H2, and 55 sccs 
Ar, conditions for which a small SiH density from the expanding thermal plasma is expected. The 
results are shown in Fig. 4.13. For each plasma setting the laser wavelength is scanned over the 
Q1(11,5) transition of SiH, which is superposed on a unknown broadband absorption spectrum (for 
discussion see Chapter 3), and the SiH density is determined from the integrated absorption A;", (area 
under the peak, see Sec. 3.2). 
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FIG. 4.13: The SiH density as ajunetion ofthe steady state RF power supplied to the substrate holder 
for three different are currents. The SiH density is determined from the area under the 
Q1(1J,5) transition ofSiH around 414 nm. The measurements have been performed with JO 
sccs SiH4, JO sccs H1 and 55 sccs Ar at an axial position of 0.5 cm jrom the substrate 
ho/der. 

Notice in Fig. 4.13 that the relatively small SiH density that is present during normal ETP 
operation at 0 W RF Power has not been substracted from the SiH densities. From the figure, it can 
clearly be seen that the SiH density increases for increasing RF power. At the maximum RF power of 
~34 W (RF bias of ~-40 V), an additional SiH density of ~lxl017 m-3 can be retrieved. This additional 
SiH density seems to be roughly independent on the are current and is thus also roughly independent 
on the power coupled into the expanding thermal plasma. With the measurement shown in Fig. 4.13, it 
has been demonstrated that an additional SiH density can be generated by the RF power in the 
neighbourhood of the substrate holder, at least up to an axial position of 0.5 cm. 

At this point, we discuss the braadband absorption, underlying the SiH line spectrum, because it 
will complicate the interpretation of the measurements below. The braadband absorption also 
increases for increasing RF power. Th is means that at the central wavelength of the SiH Q1(11 ,5) 
transition the "RF absorption", i.e., the additional absorption solely due to the RF power, consists of 
two components. lt turns out that for an RF power of ~34 W approximately 55% of the "RF 
absorption" is due to an additional SiH density and thus approximately 45% is due to an increase in 
the braadband absorption. These two components can only be distinguished due to their different 
wavelength dependence. For the measurements below, where only at one wavelength is measured, this 
distinction between the two components is difficult to make. 

We have seen that an additional SiH density can be generated by the RF power. Subsequently, in 
order to prove the principle of the time-resolved measurement, a measurement of the "RF absorption" 
at various times L'-.t in the RF afterglow has been performed. To do this, the wavelength of the laser 
system has been kept fixed at the "peak absorption" of the SiH Q1( 11 ,5) transition. Furthermore, the 
measurement procedure for the oscilloscope, described at the end of Sec. 2.3, is used. The 
measurement has been repeated 5 times. The average of these 5 measurements is shown in Fig. 4.14, 
in which the error bars have been deduced from the standard deviation. 
In the figure, a relatively high RF absorption of~ 1.7x 10-4 per pass is seen for L'-.t<O. Th is is due to the 
steady state RF power of ~34 W, which is applied to the substrate holder. For ót>O, this RF absorption 
decreases exponentially to a constant value of ~0.8x 10-4 per pass (indicated in Fig. 4.14 by the dotted 
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line) for high ~t up to ~t=50 ms. This stabie RF basis absorption of -0.8x10-4 per pass is not expected 
to be caused by SiH and can therefore only be attributed to the broadband background absorption. 
Then, the exponential decay of the RF absorption in Fig. 4.14 is attributed to the decay of the SiH 
density in the RF afterglow. This exponential decay has been fitted (dashed line in Fig. 4.14), yielding 
a decay Üme of 350 J..I.S. However, because the error bars in Fig. 4.14 are large and the fit is very 
sensitive to the asymptotic baseline, the decay time could only be determined to be between 100 J..I.S 

and 1 ms. For ~t<O the SiH absorption is -0.9x10-4 per pass, which is in agreement with the 55% 
contri bution of SiH to the steady state RF absorption found above. 
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FIG. 4.14: The additional absorption due to the RF power ("the RF absorption ") as a function of the 
time interval Llt between the end of the RF pulse and the laser pulse. The measurements 
have been performed with 5 sccs SiH-1, 10 sccs H2, 55 sccs Ar and an are current of 45 A. 
For the measurements a JO Hz pulsed -34 W RF power was used and the wavelength ofthe 
laser system was set to the top of the QJ(ll, 5) transition of SiH The negative slope of the 
RF pulse is triggered at Llt=O f.1S at which moment no langer RF power is supplied to the 
substrate holder and the RF afterglow sets in. For high Llt, the measurement assume a 
asymptotic RF absorption value, which has been indicated by the dotted fine. Furthermore, 
an exponential decay resulting in this asymptotic baseline has been fitted to the 
mesurements and is shown by the dashed line. 

The observed exponential decay of t~e SiH density demonstrates the feasibility of the time
resolved measuring procedure. From the obtained decay time of 100 llS - 1 ms for the SiH density, the 
surface reaction probability of SiH can in principle be obtained by the use of a model. This model 
should simulate the plasma in the neighbourhood of the substrate hol der, taking into account diffusion 
and gas phase and surface reactions. 

Without a model, there is still some knowledge that can be gained from the obtained decay time 
of SiH. For relatively stabie particles, such as Ar, H2 and SiH4, their decay time is mainly governed by 
the pumping speed of the pumps, yielding a residence time in the deposition chamber of about 0.1-1 
sec. This can be considered an upper limit for the decay time. Because our measured decay time is 
much lower, this indicates that the SiH must be (very) reactive with gas phase particles or the wal!. On 
the other hand, an estimation of the lower limit can be made based on the time it takes for all SiH 
particles to flow out of the CRDS detection volume. For this calculation, it is assumed that all SiH 
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flows towards the substrate holder with a velocity of 500 mis and that it will deposit there with a 
sticking probability of 1. Using adiameter of the detection volume of 5 mm, the detection volume is 
cleared in··1 0 J.l.S. If the observed decay time of the SiH density would have been smaller than this 10 
J.l.S, then the decay in SiH density should be explained solely by gas phase reactions. However, 
because the observed decay time of the SiH density is much Jonger than 10 J.l.S, surface reactions can 
certainly not be excluded . 

... 
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Chapter 5 

CONCLUSIONS 

In this study, cavity ringdown spectroscopy (CRDS) has been applied for the detection of silane 
radicals in a remote Ar-H2-Si~ plasma. This highly sensitive absorption technique is relatively new in 
the field of plasmas and it has been used to determine the densities of SiH3, SiH and Si radicals for 
different plasma settings. From this, the kinetics in the plasma have been investigated and the specific 
contributions ofthe SiHx radicals to the a-Si:H film growth have been determined. Furthermore, a new 
experiment to perform time-resolved density measurements has been set up. 

First, a positive identification of the SiH3, SiH. and Si radical has been made from the braadband 

SiH3 A 2A; ~ X 2A1 absorption spectrum ranging from 200-260 nm, the SiH A 211 ~ X 2!1 electron ie 

band spectrum around 414 nm, and Si 4s3P ~ 3p3P electronic band spectrum around 251 nm, 
respectively. Total and absolute ground state densities ofthe three radicals have been determined from 
scanning over a part of their absorption spectrum fora position close to the substrate. For the case of 
SiH3, also spatially resolved axial and lateral absorption measurements have been performed from 
which the radial distribution of SiH3 has been approximated. Furthermore, from the rotational 
temperature of SiH typical gas temperatures of~ 1500 K have been deduced for the plasma. 

In order to study the reaction kinetics of the plasma, the densities of SiH3, SiH, and Si have been 
measured as a function ofthe H2 flow in the Ar-H2 operated cascaded are plasma source. These plasma 
conditions differ in reactive species from the plasma souree and they were already investigated 
extensively in previous studies. Furthermore, to obtain more evidence for the proposed production and 
loss mechanisms of the different radicals, investigations of their densities as a function of the SiH4 
precursor flow have been performed under well-defined conditions. From the combination of these 
studies, the following conclusions can be drawn: 
• SiH3 has a relatively high density in the plasma ranging from ~10 18-10 19 m-3 and it is primarily 

produced by H abstraction from SiH4 by H in the plasma. The SiH3 densities experimentally 
observed show good agreement with the densities obtained from two-dimensional, axisymmetric 
fluid dynamics simulations. In these simulations only the basic gas phase and surface processes 
were taken into account providing more evidence for the proposed reaction mechanism. 
Furthermore, it was observed that for the conditions of main interest with respect to the film 
properties, the dissociation of SiH4 is limited by the availability of H atoms from the plasma 
sou ree. 

• The SiH and Si density range from ~10 16-10 17 m-3 and ~10 15-10 16 m-3
, respectively. From a 

comparison ofthe SiH density as a function ofthe SiH4 flow with a simple one-dimensional plug 
down model, it bas been concimled that these radicals as well as SiH2 radicals are mainly 
generated by charge transfer reactions of SiH4 with ions emanating from the plasma souree that 
are (immediately) foliowed by dissociative recombination reactions with electrons. Subsequent 
ion-radical reactions are an important gas phase loss mechanism for conditions with high ion 
flows frorri the are and low Si~ flows, whereas subsequent radical-SiH4 reactions are a very 
important loss of the radicals for conditions with high SiH4 flows. 

• From a study of the Si density as a function of the Si~ flow it has been concluded that SiH111 

(m~2) radicals can also be generated from sequentia! reactions between SiHx radicals and H for 
conditions with a high H2 flow compared to the SiH4 flow, i.e., for conditions with an abundance 
ofH atoms. 

To relate the film properties obtained by the ETP technique with the species contributing to a
Si:H film growth, the contributions of the SiHx radicals to the film growth have been determined from 
their gas phase densities as a function of the H2 flow in the cascaded are plasma source. It bas been 
found that for increasing H2 flow, the contribution of SiH3 to film growth increases up to an 
approximately constant contribution of ~90% for high H2 flows. Under these conditions the 
"optimum" a-Si:H quality is obtained with the ETP technique. Furthermore, a direct relation between 
the contribution of SiH3 to film growth and the quality of the deposited a-Si:H film has been 
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established. Th is is in good agreement with the commonly accepted beneficia! influence of SiH3 on the 
finally resulting a-Si:H film properties. 

For SiH and Si, only a minor contribution of, respectively, ~2% and -û.2% has been observed, 
even for low H2 flows, where a substantial production of these radicals is expected on the basis of the 
above-mentioned production reactions and emission spectroscopy measurements. The low 
contribution of SiH and Si under the latter conditions can most probably be explained by the above
mentioned important loss reaction of SiH and Si with SiH4• This leads presumably to the production of 
reactive, hydrogen deficient disilane radicals, which have a detrimental influence on the film quality. 

Finally, a new experiment has been set up in order to study the dynamics of the expanding 
thermal plasma and its interaction with the surface. In cooperation with the Technica! Laboratory 
Automation group of the Department of Applied Physics, a fully computer controlled experimental 
setup has been developed for time-resolved SiHx density measurements using a data acquisition 
system (PhyDAS) for realtime CRDS signal handling. First experiments have been performed on the 
modulation of the density of SiHx radicals by means of applying a pulsed RF signa! to the substrate 
holder during regular plasma generation. lt has been demonstrated that an additional radical density is 
generated in the neighborhood ofthe substrate holderand in a preliminary experiment the exponential 
decay of the additionally generated SiH density has been determined in the afterglow the RF signa! 
pulses. The observed decay time of very roughly 350 )..lS has demonstrated the feasibility of the 
experimental procedure for the time-resolved measurements and after implementation of a "state of 
the art" I 00 MHz, 12 bit trans i ent recorder in the PhyDAS system, this will enable accurate 
determination of gas phase and surface toss reactivities of the radicals in the plasma. This will yield 
in formation that is essential, e.g., for modeling studies and for the determination of the contribution of 
the different radicals to film growth. 
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APPENDICES 

I. Transimpedance amplifier 

The specifications ofthe transimpedance amplifier are: 
• Baridwidth of 45-4 7 MHz. 
• gain of -22. 
• Input range of -100 mV- 0 V. 
• Output range of -0.95 V- 1.05 V. 
• Input impedance of 4.7 kQ. 
The scheme and layout ofthe transimpedance amplifier is given in Fig. A.l and A.2, respectively. 
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FIG. A.l: Scheme of the amplifier, which consists of a stabilized power supply (on the left) and the 
transimpedance amplifier part (on the right), based on the OPA655 (Burr-Brown) 
operational amplifier. 
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FIG. A.2: Layout ofthe transimpedance amplifier. 
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Appendices 

11. LabVIEW computer code 

As is explained in Sec. 2.3, a computer program has been created in LabVIEW (National 
Instruments, Version 5.1, Full Development System) in order to automatically performa measurement 
of the absorption due to the additional SiHx density as a function of the time ~t in the RF afterglow, 
i.e., after the end of the RF putse. Here the main LabVIEW program 
(time_dependen..t_mod_plasma_twice.vi) and its primary subroutines (read_phydas 2D with time-
test_2.vi and gates_standard_deviation_2D _array.vi) will be briefly discussed. - - -
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FIG. A.3: The ma in time-resolved Lab VIEW program: time_ dependent _ mod _plasma _twice. vi. 

In the program time_dependent_mod_plasma_twice.vi, shown in Fig. A.3, first the begin value 
(can be negative), end value, and steps size value of the time interval ~t between thé laser putse and 
the end of the RF pul se must be set. In a measurement cycle the program first sets the value of the ~t. 
Th is is done by changing the delay val u es of the four output channels of the delay generator, which in 
turn triggers the laser and the end of the RF putse. For every value of ~t the program the subroutine 
read_phydas_2D_with_time-test_2.vi (see below) is called to obtain to obtain an array ofabsorptions. 
The number of absorptions m that are gathered must be entered in the main program. Next, the 
absorptions are scanned for "bad" transients by subroutine gates_standard_deviation_2D_array.vi (see 
below). Only the "good" transients are used to calculate the average absorption at the specific value of 
~t. Then, in the main program, the averaged absorption is plotted at the value of ~t in the graph on the 
front screen. Also, the value of ~t, the averaged absorption value, and the number of "good" 
absorptions q (see below) are written/added to a file. This procedure is performed for every ~t value, 
until the end value of ~t has been reached. After the complete measurement, on the screen a similar 
tigure as Fig. 4.14 will be seen. 

The important subroutine read_phydas_2D_with_time-test_2.vi, shown in Fig. A.3, will be 
discussed next. This routine is based on the Code-Interface-node (CIN) "read out scope", which is 
basically a block of C-code. This CIN-node executes the C-drivers of the PhyDAS system: First, the 
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PhyDAS system is set ready for a trigger. After the trigger comes, the PhyDAS system starts sampling 
its input signal up to a number of data point n, which has been set in the main program. Once the 
PhyDAS system has read the complete transient, the PhyDAS driver will transfer this array of n data 
points from the PhyDAS system to the PC. Then this array becomes available within the LabVIEW 
subroutine as the output array ofthe CIN-node. Within the LabVIEW subroutine the ringdown time of 
the transient is calculated by the sub-subroutine "Calculation CRD-time", which is described in detail 
in Ref. 16. This way, for every measurement cycle the ringdown time is calculated. In total 2m 
transients, the number which has been set in the main program, will be obtained. These ringdown 
times is altematively stored in a 2xm array, because the CRD transient is altematively sampled in the 
RF afterglow ('tRF) and during normal ETP operation ('tETP)· Furthermore, from the time difference 
between the first and last transient, it is checked that no transients have been missed by PhyDAS due 
toa missed trigger pulse. 

error out 

' 
··-------[!<:>·----------------··--~ 

FIG. A.4: The Lab VIEW subroutine (re ad _yhydas _ 2D _ with _time-test_ 2. vi) that obtains the ringdown 
times at I 0 Hz. 

From this 2xm array of ringdown times, an averaged absorption at one specific Llt is measured by 
the subroutine gates_standard_deviation_2D _array.vi., which is shown in Fig. A.4. This will be 
explained now. Before the measurement a set-up program (setup_utilities.vi, not shown here) is run. 
There a number of transients is measured and the distribution of the ringdown times is plotted. A 
gaussian distri bution in the ringdown time is expected, but if that is not the case and some ringdown 
time are not included in the gaussian distribution, then an upper and lower "tau-gate" can be set. The 
tau-gates, which are expressed in the number of standard deviations of the gaussian distribution, filter 
out these "bad" ringdown times and are used in subroutine gates_standard_deviation_2D_array.vi. 
Let's assume that the upper and lower tau-gate is set to 3 and -2 st.dev., respectively. Regarding the 
2xm array of ringdown times, for both the first row (all 'tRF) and second row (all 'tm>) of ringdown 
times the average and standard deviation is determined. Then, for every single 'tRF it is checked that it 
is between the lower and upper tau-gate. For our example, this means that 'tRF should be between 
(averaged 'tRF- 2 x (st.dev. of 'tJU:)) and (averaged 'tRF + 3 x (st.dev. of 'tRF)). All the 'tRF that do not 
satisfy this criterion are fittered out. This procedure is also done for all the 'tETP· Then, for every 
"good" set of 'tRF and 'tEJp, the absorption ARF is detennined and is stared in another array. All the 
absorption in this array (a total of q absorptions) are averaged to obtain one (averaged) absorption data 
point at one specific time !lt. From this procedure, a higher accuracy in the absorption measurement is 
expected. Next, the averaged absorption is handed over to the main program, where it is plotted on the 
screen for the specific time Llt and it is ~rittên!added to the file along with the value of q and the value 
of !lt. 
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FIG. A.S: The Lab VIEW subroutine (gates _standard _ deviation _ 2D _array. vi) that calculated the 
averaged absorption time at a specific L1t with the use of the tau-gates. 

Apart from the three VI's of the time-resolved measuring program that has been treated here, 
several additional programs have been written, including setup_utilities.vi (briefly discussed above) 
and a PhyDAS 2 channel oscilloscope program. Furthermore, all existing programs have been adjusted 
to read out the PhyDAS system instead ofthe Tektronix TDS340a oscilloscope. 
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111. Computer code for the ca Ie u lation of the density-of-state distribution. 

In the computer code, the following values have been assumed, obtained from Ref. 23: 
Be=1.496 cm·1 

ae=0.213 cm" 1 

A=l42 cm·1 

cve=l970.76 cm·1 

A=l, for the X2II state of SiH 

The computer code, written in the programming language C: 
#include <windows.h> 
#include <stdio.h> 
#include "w95trace.h" 
#include <time.h> 
#include <math.h> 

const double 
const double 
const double 
const double 
const double 
const double 
const double 
const double 

h=6.62620E-10; 
k=l.38063E-2J; 
e= 1.6021892E-19; 
B e SiH=7.496; 
alpha_e_SiH=0.213; 
A_SiH=142; 
omega_SiH=l970.76; 
LAMBDA=!; 

double distributie [101][2][21]; 
double totaal=O; 
long T_rot; 
long T_vib; 
double k_in_eV; 
long teller; 
double v _ref; 
double J _ref; 
double g_ref; 
double J; 
double g_J; 
double B_v_SiH; 
double E_J_rot; 
double E_J_vib; 
double SIGMA; //is -0.5 for F1-branch 
double B_v_SiH_ref; 
double E_ref_rot; 
double E_ref_vib; 
double distributie_ref; 
double SIGMA_ref; //is -0.5 for F1-branch 
intv; 
int s; 
int i; 
int v_piek; 
int s_piek; 
double SIGMA _piek; 
int i_piek; 
double J _piek; 

void main(void) 
{ 
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printf("\n Geef de Vibrationele temperatuur in:"); 
scanf("o/oi", &T_vib); 
printf("\n Geef de Rotationele temperatuur in:"); 
scanf("o/oi", &T_rot); 
printf("\n Geef van de te onderzoeken piek het vibratie quantumgetal: v = "); 
scanf("o/oi", &v _piek); 
printf("\n Geefvan de te onderzoeken piek het spin quantumgetal: SIGMA="); 
scanf("o/olg", &SIGMA _piek); 
s_piek=O.S- SIGMA_piek; 
printf("\n Geefvan de te onderzoeken piek de waarde Jin:"); 
scanf("o/olg", &J _piek); 
i_piek=J _piek-0.5; 
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k_in_eV = kle; 

distributie_ref=I;// de dichtheid in toestand: 1=0.5, SIGMA=O.S, v=O 
v_ref=O; 
SIGMA_ref=O.S; 
J_ref=O.S; 
g_ref= 2.0* J_ref+ I; 
B _ v _SiH_ref=B _e_ SiH-alpha_e_ SiH*(v _ref+O.S); 
E_ref_rot=(B_v _SiH_ref* J_ref*(J_ref+ I)+ A_SiH*LAMBDA *SIGMA_ref) /10000* 1.24; 
E_ref_vib=omega_SiH*(v_ref+O.S) /10000* 1.24; 

for (v=O;v<20.5;v++)( 
B_v_SiH=B_e_SiH-alpha_e_SiH*(v+O.S); 
for (s=O;s<I.S;s++) { 

SIGMA=O.S-s; 
for (i=O;i<IOO.S;i++) { 

J=O.S+i; 
g_J= 2.0* J+ I; 
E_J_rot=(B_v_SiH*J*(J+I) + A_SiH*LAMBDA*SIGMA) /10000* 1.24; 
E_J_vib=omega_SiH*(v+O.S) /10000* 1.24; 

teller=O; 
printf("\n"); 
for (v=O;v<3.5;v++){ 

distributie [i)[s)[v] = distributie_ref*g_J/g_ref* 
exp((E_ref_rot-E_J _rot)/(k_in_e V*T _rot))* 
exp((E_ref_vib-E_J_vib)/(k_in_eV*T_vib)); 

totaal= totaal+ distributie[i][s][v]; 

for (s=O;s<I.S;s++) { 
SIGMA=0.5-s; 
for (i=O;i<JO.S;i++) { 

if (teller%23=0) { 
//getch(); 

} 
teller++; 
J=0.5+i; 

printf(" J SIGMA v n(J) n(%%)\n"); 

printf("%4.1f %4.1f %4.1i %10.4f %10.4f\n", J, SIGMA, v, 
distributie[i)[s )[v ), ( distributie[i][s )[ v ]/totaal)); 

printf("\n"); 
printf("\nDe relatieve bezettingsgraad van de toestand: J=%4.1 f, SI GMA=%2.1 f, " 

"v=%2i:\n", J_piek, SIGMA _piek, v_piek); 
printf(" %I 0.41\n", (distributie[i_piek)[s _piek)[ v _piek)/totaal)); 
printf("\n"); 
printf{"(Dit is de bezettingsgraad van voor 2 lambda pieken samen)"); 
printf("\n"); 
getch(); 
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